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C u r r e n t   s h e e t s   p r o p a g a t i n g   i n  a parallel-plate accel- 
erator are found to arrest  t h e i r   m o t i o n  a t  a n   e l e c t r o d e - i n -  
s u l a t o r   j u n c t i o n ,   a n d   t h e r e  t o  l a p s e   i n t o  stable, quas i - s t eady  
d ischarges .   Kerr -ce l l   photography,   magnet ic   and  electric 
p rob ing   and   t e rmina l   vo l t age   measu remen t s   i nd ica t e   t ha t -   t hese  
s t a b i l i z e d   d i s c h a r g e s  accelerate gas through  themselves  a s  long  
as gas from t h e   p r e f i l l i n g   o f   t h e   d i s c h a r g e   c h a m b e r  is a v a i l -  
able, a f t e r   w h i c h   e n h a n c e d   e r o s i o n   o f   i n s u l a t o r   a n d   e l e c t r o d e  
material appears. To supp ly   f r e sh  gas t o  t h e   s t a b i l i z e d   c u r -  
r en t   zone   w i th  a minimum o f   d e l a y ,  a shock tube g a s   i n j e c t i o n  
technique  is  used. Even w i t h   t h i s   p r o c e d u r e ,  it is f o u n d   t h a t  
t h e   c u r r e n t  must be d r iven   fo r   hundreds   o f   mic roseconds   be fo re  
a quas i - s t eady  gas f low  can be e s t a b l i s h e d   i n   c o n t r a s t  t o  t h e  
t e n s  of m i c r o s e c o n d s   r e q u i r e d   f o r   e l e c t r o d y n a m i c   s t a b i l i z a t i o n .  
Th i s   quas i - s t eady   f l ow mode, c h a r a c t e r i z e d   b y   b o t h   c u r r e n t  pat- 
t e r n   a n d  gas f l o w   s t a b i l i z a t i o n  is aga in   observed  t o  p rov ide  
s u b s t a n t i a l   a c c e l e r a t i o n  of t h e   i n l e t   f l o w .  

A similar s t e a d y  state acce le ra t ion   phase   can  be achieved  
i n  a coaxial electrode geometry  by  synchronized  appl icat ion of 
teilored pulses  of mass f low  and   cur ren t .   This   d i f fuse  d i s -  
rharge, c h a r a c t e r i z e d   b y  a s tabi l ized c u r r e n t   d i s t r i b u t i o n ,   c o n -  
s t a n t   v o l t a g e   a n d   c u r r e n t ,   a n d  a s t eady   a rgon  mass f l o w  rate of 
up t o  50 g/sec,  i s  o f   c o n s i d e r a b l e   i n t e r e s t  as  both  a pu l sed  
t h r u s t e r   a n d  as a simulator o f   t h e   s e l f - f i e l d  MPD arcjet  o v e r  a 
power  range  from  100 kW t o  100 MW. e r r - ce l l  photographs  and 
exper imenta l  maps o f   t h e   c u r r e n t   d i s t r i b u t i o n   i n   t h e   e x h a u s t  
p lume   and   i n t e re l ec t rode   r eg ion   c l ea r ly  show t h o   r a p i d   t r a n s i -  
t i o n   t u   t h i s   s t e a d y   c o n f i g u r a t i o n ,  as w e l l  as c h a r a c t e r i s t i c  
arc behavio: f o r  mass s t a r v a t i o n   a n d  mass over feed .   Termina l  
voltage measurements,   taken  over a wide  range of power and mass 
flow rate,  are s u f f i c i e n t l y  precise t o  allow d i s c r i m i n a t i o n  
among s e v e r a l   t h e o r e t i c a l  models of t h e   a c c e l e r a t i o n  process. 

The process of ene rgy   t r ans fe r   f rom a pulse   ne twork  t o  
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a propagating c u r r e n t   s h e e t  i s  s tud ied   expe r imen ta l ly   and  
a n a l y t i c a l l y  i n  a l i n e a r   p i n c h   c o n f i g u r a t i o n .   T h e   e f f i c i e n c y  
o f   t h i s  process is r e l a t e d  t o  t h e  r a t io s  of p u l s e   l j n e  irnped- 
ance/average  discharge  impedance,   and  current   pu2se  durat ion/  
c h a r a c t e r i s t i c   a c c e l e r a t i o n  time. Experiments i n  hydrogen, 
argon, krypton ,   and   n i t rogen  a t  a common ambient mass d e n s i t y  
and  impedance ra t ios  near u n i t y   y i e l d   c f f i c i e n c i e s   t h a t   e x h i b i t  
t h e  same q u a l i t a t i v e   v a r i a t i o n   w i t h   t h e s e  r a t io s  as t h o s e  pre- 
d i c t ed ,   bu t   on ly   t he   hydrogen   da t a  show good q u a n t i t a t i v e  agree- 
ment w i t h  t h e   t h c o r e t i c a l   v a l u e s .   T h i s   f a i l u r e  of the   theo-  
retical model f o r   t h e   h i g h e r  molecular weight  gases is  traced 
t o  the e x i s t e n c e   o f   d i f f u s e   c u r r e n t  pa t t e rns  f l o w i n g   i n   t h e  
r eg ion   beh ind   t he   p ropaga t ing   cu r ren t   shee t ,   con t r a ry  to t h e  
t h e o r e t i c a l  "snowplow"  assumption  that  a l l  o f   t h e  c u r r e n t  f lows 
i n  a t h i n   s h e e t .  

T h e   s t r u c t u r e   o f   t h e   c u r r e n t  sheet i n  a similar p i n c h   d i s -  
cha rge  is s t u d i e d   w i t h  a spec ia l ized   h igh-speed  piezoelectric 
p res su re   t r ansduce r ,   wh ich  i s  capab le  of d e t e r m i n i n g   p r o f i l e s  
o f  both axial  a n d   r a d i a l   p r e s s u r e .   C o r r e l a t i o n  o f  t h e s e   d a t a  
w i t h  e lectr ic  and   magne t i c   f i e ld   p ro f i l e s ,   a long   w i th   l uminos i ty  
a n d   v o l t a g e   r e c o r d s ,   i n d i c a t e   t h r e e   d i s t i n c :   z o n e s   w i t h i n   t h e  
shee t :  i n  sequence ,   reg ions  of e l e c t r o n   c u r r e n t   c o n d u c t i o n  (I) ,  
mass accumula t ion   w i th   i on   cu r ren t   conduc t ion  (If), and  induced 
f low of unswept  gas (III\ are dominan t .   P ro f i l e s   o f  par t ic le  
d e n s i t y ,   v e l o c i t y ,   a n d  temperature can  be eva lua ted ,   and   t he  
c u r r e n t  s h e e t  is found t o  e n t r a i n  a l a r g e   p e r c e n t a g e   o f   t h e   g a s  
encountered. A momentum ba lance  across t h e   s h e e t  is  i n  approxi- 
mate agreement   with snowplow p r e d i c t i o n s ,   b u t   t h e   d i s t r i b u t i o n s  
of current and mass d e n s i t y   d o  n o t  agree wi th   p i s ton-shock  
wave  models. 

S t u d i e s   c o n t i n u e  on t h e   s t r u c t u r e  of t he   anode   a t t ach -  
ment portion of h igh-cur ren t   d i scharges ,  and its e f f e c t   o n  
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the  overall voltage. A new  series of  experiments  probe a 
similar  regime  near  the cathode. Laser  techniques  have  been 
extended  to  search for population  inversions in the  outflow 
plasma from  the  quasi-steady  parallel-plate  accelerator, 
Finally a 10  joule pulse network is  under  construction  to 
extend  by an order  of magnitude the available  test  times of 
all quasi-steady  discharge equipment. 
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I. INTRODUCTION 

The  reporting  period just past has  encompassed  the 
completion  of  no less than four Ph,D. programs. Each of 
these  studies  has  been  presented in detail in the  usual 
Ph.D. thesis format, [55,58,60,66] and each  is  the  subject 
of an  oral  presentation and preprint at a  technical  society 
meeting [62 to 701. It still  seems appropriate,  however, 
that this semi-annual  report  should contain  concise  reviews 
of these researches, particularly  to  emphasize  the  relation 
among  them,  and to  define  the  perimeter  of  progress  of  the 
project as  a whole. 

The  programs of the four younger  men in our labo- 
ratory  are  now in transition from exploratory  phases tr, the 
detailed  experiments  which  will  constitute  their Ph.D. 
theses. Hence, there  has  been  considerable design, assembly, 
and  testing of new  equipment, but less acquisition  of hard 
data in these  topic areas. Brief  reviews of  these  efforts 
pr Jide some flavor of  the  laboratory  programs  which  will 

1 grow in the  coming  months  to  complement  the  continuing 
studies in the  well-established  facilities. 
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11. CUReNT PATTERN AND GAS FLOW STABILIZATION 
I N  PULSED PLASMA ACCELERATORS (Eckbreth) 

Two phases  of  stabilization  have  been  identified in 
pulsed  plasma accelerators: (1) current pattern  stabiliza- 
tion, in  which  formerly  convecting current distributions 
cease to propagate, and (2) gas flow  stabilization, wherein 
an  externally  supplied  gas flow achieves  a  steady  accelera- 
tion  profile  through  the  stabilized current pattern. These 
stabilization  processes  are  of interest in pulsed plasma ac- 
celerators  both  because  of  the fundamental questions  they 
pose  and  because  of  their  practical implementations.  For ex- 
ample, one may inquire  about  the effect of current pattern 
stabilization  on  the  plasma  ejection losses of a  pulsed  accel- 
erator, or about  the  details of the  plasma acceleratic,l pro- 
cess in a quasi-steady  plasma accelerator, i.e., an  accel- 
erator in which  both  current pattern  and gas flow stabiliza- 
tion  coexist.  On  the  other hand, one may employ  such a 
quasi-steady  accelerator to simulate  a  high-power, steady 
electromagnetic  thruster,  such as  a magnetoplasmadynamic arc, 
for  a  short time. In  this  way one could, using transient in- 
strumentation  techniques, perform  detailed interior  diagnostic 
studies on an  arc-accelerator environment which in thc  steady 
state  would  be  too  hostile for probing. Operation of  an ac- 
celerator  in  the  quasi-steady mode is of interest in its own 
right  since  this  may  well  be the  regime of  operation in which 
electromagnetic  acceleration processes'are optimized. The 
quasi-steady  regime  shares many of  the  advantages  of short- 
pulse  operation  and  several of the  advantages  of  steady  state 
operation,  while  apparently possessing  less of the disadvan- 
tages of either  pulsed  or  steady  operation alone. 

Current Pattern  Stabilization 

Current  pattern  stabilization  was first observed  in 
connection  with a series  of pulsed  exhaust experiments  on a 

-. .. . . . . . . ._ 
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l i n e a r   p i n c h   f i t t e d   w i t h   a n   a n o d e   c o n t a i n i n g  a l a r g e  circular 
orifice [57]. S t a b i l i z a t i o n   o f   t h e   c u r r e n t   c o n t o u r s   p r o j e c t i n g  
o u t  t h r o u g h   t h e   o r i f i c e   o c c u r r e d  when t h e   d e v i c e  w a s  d r i v e n  
w i t h   r e c t a n g u l a r   c u r r e n t   p u l s e s   o f   d u r a t i o n   g r e a t l y   i n  ex- 
cess of the   ' ' p inch"  time of t h e   c y l i n d r i c a l   c u r r e n t   s h e e t  
formed i n s i d e  t h e   p i n c h  chamber. I n   o r d e r   t o   s t u d y   t h e s e  
phenomena i n  a simpler  geometry,  a p a r a l l e l - p l a t e  accelera- 
tor  [57,58] w a s  c o n s t r u c t e d .   S t a b i l i z a t i o n   o f   t h e   p r o p a g a t i n g  
c u r r e n t   s h e e t s  i n  t h i s   d a v i c e  w a s  achieved by p a r t i a l l y   i n -  
s u l a t i n g   t h e   e l e c t r o d e   s u r f a c e s   w i t h   t n i n   m y l a r  sheets from 
a p o s i t i o n  several inches   downs t r eam  o f   t he   d i scha rge   i n i t i -  
a t i o n   l o c a t i o n   t o   t h e   f r o n t  end of t h e   a c c e l e r a t o r  as  shown 
s c h e m a t i c a l l y  i n  Fig.  1. T h e s e   i n i t i a l   s t u d i e s ,   w h i c h   e s t a b -  
l i s h e d   t h a t   s p a t i a l   s t a b i l i z a t i o n   o f   t h e   p r o p a g a t i n g  c u r r e n t  
s h e e t s   o c c u r r e d   a t  t h e  e l ec t rode - to - insu la to r   j unc t ion ,   have  
now been  supplementtd by more d e t a i l e d   d i a g n o s t i c   s t u d i e s  
performed w i t h  a p a i r   o f   p e r m a n e n t i y   i n s u l a t e d   e l e c t r o d e s .  

The   " e l ec t rodes"   cons i s t   o f  5 1/4- in .   lengths   of  a l u -  
minum sur face   fo l lowed by  42  3/4-in.  lengths of n y l o n   i n l a i d  
i n s u l a t o r   s u r f a c e .  The discharge  chamber  formed  by  the  two 
e l e c t r o d e s  is  48-in.  long,  6-in. wide, and  has a 2- in .   in te r -  
e lec t rode   spac ing   main ta ined   by  a r e c t a n g u l a r   P l e x i g l a s  
housing  which  forms  the side walls o f   t he   appa ra tus .  A swi t ch  
e l e c t r o d e  is mounted 2 in.   below  the  bottom electrode i n  a 
s e p a r a t e   P l e x i g l a s  s w i t c h  chamber. I n  o p e r a t i o n ,   t h e   s w i t c h  
e l e c t r o d e  is connec ted   t o   t he   capac i to r   bank ,   cha rged  t o  
-10 kV. The top electrode o f   t h e   a c c e l e r a t o r  is grounded  and 
t h e   m i d d l e   e l e c t r o d e  is maintained a t  g round   po ten t i a l   du r ing  
t h e   c h a r g i n g   p r o c e s s  by  means of a b a l l a s t   r e s i s t o r ,  
connec t ing   the   top   and   middle  electrodes. The swi t ch  is 
t r i g g e r e d  by i n j e c t i n g   a r g o n   i n t o  its i n i t i a l l y   e v a c u a t e d  
chamber. As t he   gas   p re s su re   i nc reases ,   t he   Paschen   cu rve  
is c r o s s e d   a n d   t h e   s w i t c h   d i s c h a r g e   i n i t i a t e s ,   t r a n s f e r r i n g  
t h e   v o l t a g e   a c r o s s   t h e   e l e c t r o d e s   o f   t h e  main  chamber, r e s u l t -  

. . . . "_ 
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ing in'the desired  test gas breakdown,  sheet formation, prop- 
agation,  and eventual  stabilization processes. The test gas 
in  the  main  chamber may be set in advance at a given pres- 
sure--the "ambient mode"--ot may  be injected by a shock tube, 
a process to  be described  in  detail in connection  with  the 
establishment of the  quasi-steady  mode of operation. 

The  capacitor  bank  consists  of 40 x 3.2 pf capacitors 
arranged in  various LC ladder  network  configurations  to dc- 
liver  rectangular  current  pulses  ranging from l2O,OOO amperes 
for 20 psec,  hereafter  designated 120/208 to a  nominal 5,000 
amperes  for SUO psec, i .e. , 5 / 5 0 0 .  In  the current  pattern 
stabilizatio.1 studies  to be  discussed,  the 120/20 pulse is 
employed  and  discharged  into  100 p argon, the  ambient mode. 

50 nanosecond  Kerr-cell  photography is used to view 
the luminosity  associated with various  phases of the discharge. 
The  character  of  the propagating  sheet may be seen in Fig. 2 
which is a  sequence  of  photographs  taken  normal to the  direc- 
tion of propagation  through  the  side wall. fn  these illus- 
trations, & is a streamwise  coordinate referenced to  the 
metal-to-insulation  boundary  such that px > 0 is downstream 
along  the insulator, and rw L 0 is clpstream along the  metal 
electrode  portion of the  accelerator. The luminous  sheet is 
observed to be  nearly  one-dimensional at the  time of break- 
down  near  the  back  wall of the apparatus, but to become  highly 
two-dimensional  as it propagates  down  the channel. Of interest 
is the development of a diffuse "anode  foot"  which  enlarges 
and  grows as the sheet  propagates.  Inception  of  such  a foot 
has been  observed  in  other  experiments of this  type [48,51,5AJ, but 
here it progresses  nearly to the point that it completely 
dominates  the  entire  luminous pattern,  tilting it substan- 
tially with  respect to the axis and  diffusing it over a large 
dimension. 

When  thc  propagating  luminous front  reaches  the end of 
the exposed  electrode, Fig. 3, the luminosity  pattern  continues 
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to p r o p a g a t e   i n t o   t h e   i n s u l a t e d   c h a n n e l   u n r o l l i n g ,  as it 
were, t h e   s t a b i l i z e d   p a t t e r n   o f   t w o   b r o a d ,   n e a r l y   a x i a l ,   a n d  
highly  luminous  bands  emanat ing  f rom  the  e lectrode  discon-  
t i n u i t y .  One  may s p e c u l a t e   t h a t   t h e s e   b r i g h t   b a n d s  are a n a l -  
ogous t o  the  anode  and  cathode je ts  commonly s e e n   i n   t h e  
magnetoplasmadynamic arcjet .  

C o n f i r m a t i o n   t h a t   t h e   c u r r e n t - c a r r y i n g   r e g i o n   h a s   i n -  
deed  ceased t o  p ropaga te  is  best suppl ied   by  maps of enc losed  
c u r r e n t   c o n t o u r s  a t  a success ion  of times d t r ived   f roc>  mag- 
n e t i c   f i e l d   p r o b i n g  of t h e   e n t i r e   d i s c h a r g e  volume.  These 
maps are d i s p l a y e d   i n   F i g .  4 where t h e   i n d i v i d u a l   c o n t o u r s  
conform t o  local c u r r e n t   s t r e a m l i n e s   a n d   t h e i r   n u m e r a l   i n d i -  
cates t h e   c u m u l a t i v e  c u r r e n t  passing  everywhere  dwnstrearn.  
The s l i g h t  tilt o f   t h e   p r o p a g a t i n g   c u r r e n t   s h e e t ,  i t s  broad 
anode  a t tachment   region  and i t s  a b r u p t  arrest  a t  t h e   e l e c t r o d e  
d i s c o n t i n u i t y  are aga in   ev ident ,   in   agreement   wi th   the   lumi-  
n o s i t y   s t u d i e s .  The s t a b i l i z e d   p a t t e r n  bows downstream i n  a 
h a i r p i n   f a s h i o n   w i t h   t h e   b u l k  of t h e   c u r r e n t   c o n d u c t e d   a c r o s s  
t h e   m i d p l a n e   i n   t h e  0 4 &c 4 6 i n .   r e g i o n ,  i .e.,  w i t h i n   t h r e e  
channe l   he igh t s   downs t r eam  o f   t he   me ta l - to - insu la t ion   j unc t ion .  

A d d i t i o n a l   c o n f i r m a t i o n  of c u r r e n t   p a t t e r n   s t a b i l i z a t i o n  
a n d   v a l u a b l e   i n d i c a t i o n   t h a t   t h e   p a t t e r n   i n d e e d   c o n t i n u e s  t o  
accelerate gas through i tself  i n  i t s  s t a b i l i z e d   p h a s e  i s  pro- 
v ided  by a sequence   o f   t e rmina l   vo l t age  measurements  made w i t h  
an  i n n e r  d i v i d e r .   T h i s   d e v i c e  is  s i m p l y  a vo l t age   t ap   wh ich  
p a s s e s   t h r o u g h   a n   i n s u l a t e d   p o r t   i n   t h e   a n o d e  t o  e lectr ical  
contact wi th   t he   ca thode   and   enab le s   one  t o  separate t h e  re- 
s i s t i v e   a n d   i n d u c t i v e   v o l t a g e   d r o p s   i n   t h e   p l a s m a .   S h o u l d   t h e  
c u r r e n t   s h e e t  come t o  rest and s ta r t  a c c e l e r a t i n g   g a s   t h r o u g h  
itself at a speed u, t h e  probe w i l l  a lso record the   cor respond-  
ing mot iona l  emf, r e g a r d l e s s  of i t s  l o c a t i o n .  I n  Fig.  Sa t h e  
r e sponse  of t h e   i n n e r   d i v i d e r  a t  Ax = -2 1/4 in., a l o n g   t h e  
metal electrodes, is shown. Before the c u r r e n t  s h e e t  sweeps 
by the probe position, o n l y   t h e   r e s i s t i v e   d r o p ,   h e r e   a b o u t  
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60 V, is moni tored .   This   ror responds  t o  a plasma resistance 
of approx ima te ly  0.0005 0 .  A s  t h e   s h e e t   s w e e p s   b y   t h e  
p r o b i n g   l o c a t i o n ,   t h e   i n d u c t a n c e   c h a n g e  due  t o  t h e   m o t i o n   o f  
t h e  sheet i s  added   b r ing ing   t he  t o t a l  v o l t a g e  t o  about  700 V. 
As t h e   s h e e t  stabil izes,  however, t h i s   c h a n g i n g   i n d u c t i v e  
c o n t r i b u t i o n   s h o u l d   v a n i s h .  Note, however, t h a t   t h e   v o l t a g e  
s i g n a t u r e   r e m a i n s   n e a r l y   c o n s t a n t .  It  i s  h y p o t h e s i z e d   t h a t  
t h e   d e c l i n i n g   f l u x   c h a n g e   c o n t r i b u t i o n  is supplemented  by  the 
g e n e r a t f o n  of a back u x B emf as  t h e   s t a b i l i z i n g   c u r r e n t  be- 
g i n s  t o  accelerate gas t h r o u g h   i t s e l f .   T h i s   h y p o t h e s i s  is 
verified by   mon i to r ing   t he   vo l t age  a t  t h e  far downstream  end 
of t h e  accelerator where i t  is  j m p o s s i b l a   t o   e n c l o s e   a n y   f l u x  
change   con t r ibu t ion .  The r e s p o n s e   o f   t h e   v o l t a g e  probe a t  
t h i s   p o s i t i o n  is  shown i n   F i g .   5 b ; i n i t i a l l y   o n l y   t h e   r e s i s t i v e  
drop is reco rded  b u t  as s t a b i l i z a t i o n   o f   t h e   c u r r e n t   s h e e t  
o c c u r s ,   t h e   b a c k  emf c o n t r i b u t i o n  is also added. 

A . 2  

It t h u s   a p p e a r s   t h a t  a new a n d   r a t h e r   p o w e r f u l  elec- 
t r o m a g n e t i c   i n e r t i a l  mechanism is  o p e r a t i n g ,  i.e., t h a t  when 
t h e  motion of t h e   c o n v e c t i n g   c u r r e n t   s h e e t  is a r r e s t e d  a t  t h e  
electrode d i s c o n t i n u i t y ,   t h e   b a c k  e m €  g e n e r a t e d   i n   o p p o s i t i o n  
to t h i s  change is  j u s t   s u f f i c i e n t  t o  m a i n t a i n   t h e   t e r m i n a l  
v o l t a g e  a t  i t s  p r e v i o u s   l e v e l .  The i m p r e s s i v e   f e a t u r e  of 
t h i s  effect  is  t h a t   t h e  gasdynamic   p rocesses   involved   in  i t s  
accomplishment are f u n d a m e n t a l l y   q u i t e   d i s t i n c t :   t h a t  is, 
there has been a t r a n s i t i o n  from t h e   f a m i l i a r   u n s t e a d y  mode 
of gas "sweeping" i n  a propaga t ing   shee t  to  the e q u a l l y   f a -  
miliar b u t   r a t h e r   d i f f e r e n t   s t e a d y  mode of   gas   "b lowing"  
t h r o u g h  a fixed cu r ren t :   pa t t e rn ,   w i th  no observable   change  
in t e r m i n a l   v o l t a g e .  

A l though   t he   cu r ren t   has   ceased  to propaga te ,  accel- 
eration of t h e  gas b y   t h e   s t a b i l i z e d   c u r r e n t   d i s t r i b u t i o n  
appears t o  cont inue .  The most v i v i d   d e m o n s t r a t i o n  of flow 
a c c e l e r a t i o n  is a photographic   sequence of the   luminous  
patterns over small 15O ha l f   angle   wedges  set i n  3 p l a n e s ,  

i 
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1/4 in. off  the  anode and cathode and in  the midplane, at 
various  axial  positions  along  the channel. For example, the 
state  of  the inlet flow to the  stabilized  current  zone  can 
be observed  by  placing  the  wedges  upstream of  the current 
stabilizatio.1 region, Ax 4 0. Such a  series of pictures 
taken at IC), 14, and  18  psec,  respectively,  is shown in Fig. 6 
where  the  wedge  tips are  located at approximately hx = - 1 3/8 
inches. Shocks  are visible at each of these  times  indicating 
that  the  inflow is  supersonic  over the stabilized  portion of 
the current pulse. The  luminosity of  these shocks, however, 
decreases  with  time  suggesting  that  the  mass  flow  into  the 
stabilized  zone is decreasing. This is to  be expected  since 
no external  source of mass is available  to  the discharge. 
Figure 7 displays  the flow over  the  wedges at m = + 2 3/8  in., 
+5 5/8  in., and + 8 3/8  in. at 14, 16, and 18  psec  into  the 
pulse. Comparing  these  positions  with  the  patterns of enclosed 
current shown in Fig. 4 one  sees  that  the  above  positions  cor- 
respond  respectively  to  the  middle of the stabilized  zone,  to 
the  downstream  edge of the  zone  and to a  completely  exterior 
position. At the  three  times shown, it is apparent  that the 
Mach  number of  the flow increases  downstream  through  the 
stabilized  current zone.  At the  first  position,  the shocks 
are somewhat detached: at the  second,  the  shocks  are attached, 
aad at the  third,  they  are yet more  inclined to  the flow. Fur- 
ther  interpretation is somewhat  ambiguous  since  either a  flow 
acceleration  or a  decrease in local  sound  speed  could  produce 
the observed Mach  number increase. Howevzr, since  the  effect 
Of joule  heating in the  current  zone  wculd  tend  to  raise  rather 
than lower the sol-lnd speed, and  since  the  similarity  in  probe 
responses at the  three  transverse  positions  speaks  against 
major  transverse  gradients and excessive  wall cooling, a valid 
flow  acceleration  through  the  current  zone  seems  the  more 
likely  alternative. 

In an effort to  unravel a  bit more  of  the mechanisms of 
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gas a c c e l e r a t i o n   i n  the t w o  phases ,  the p a t t e r n s  of stream- 
w i s e  and   t r ansve r se  electric f i e l d ,  Ex and E r e s p e c t i v e l y ,  
w i t h i n   t h e   c u r r e n t - c a r r y i n g   r e g i o n   o f  the plasma are mapped 
u s i n g   f l o a t i n g   d o u b l e  electric f i e l d  probes. The Ex f ields 
are monitored  using a coaxial-lead, con ica l ly   shaped   p robe  
similar to t h a t  of Burkhardt  and  Lovberg.  The  transverse 
f i e l d s ,  E are measured  with a twisted or coaxial  lead, 
s t r a i g h t - t l p p e d  probe. 

Y' 

y'. 

The streamwise probe r e s p o n s e   a l o n g   t h e  metal electrode 
p o r t i o n ,  ohown i n   F i g .  8a cor responds  t o  t h a t  commonly ob- 
se rved  for a propagating  current  sheet  [42,A-l]   namely a "sp ike"  
of forward   fac ing  e lectr ic  f i e l d .   I n  contrast ,  Ex probe 
s i g n a t u r e s   o S t a i n e d   w i t h i n   t h e  s t a b i l i z e d  c u r r e n t   r e g i o n ,  
downstream  of the meta l - to - insu la t ion   j unc t ion ,  Figs. 8b, c,d 
c o n s i s t   o f  a v e s t i g e  of t h e   c u r r e n t   s h e e t   s p i k e   f o l l o w e d  by 
a n u l l  period, followed by a n  abrupt rise t o  a plateau which 
lasts n e a r l y  to  the   end  of t he   pu l se .   The   ampl i tudes  of t h e  
v e s t i g i a l   s p i k e   a n d  of t h e  plateau decrease w i t h   d i s t a n c e  
downstream of t h e   e l e c t r o d e   d i s c o n t i n u i t y .  The former  tends 
t o  decelerate once   beyond   t he   d i scon t inu i ty   bu t   t he   l ead ing  
e d g e   o f   t h e   p l a t e a u  seems to  ma in ta in  a uniform  speed or even 
to  accelerate somewhat as d i s p l a y e d   i n   t h e  trajectories o f  
Fig. 9. 

One  may speculate t h a t   t h e  first s p i k e  of Ex recorded 
by t h e  probe a n n o u - c e s   t h e   a r r i v a l  of t h e  snowplowed plasma 
accumulated by t h e   p r o p a g a t i n g   s h e e t  u p s t r e a m  i n   t h e  con- 
d u c t i n g   p o r t i o n   o f   t h e  accelerator, now con t inu ing   on  i t s  own 
i n e r t i a  as t h e   c u r r e n t   s h e e t  is  arrested a t  t h e   d i s c o n t i n u i t y  
a n d   d i f f u s e s   i n t o   t h e  s tab i l ized  c u r r e n t   c o n d u c t i o n   p a t t e r n .  
The   p la teau  of electric f i e ld  p r e v a i l i n g   o v e r   t h e  l a t te r  por- 
t i o n  o f   t h e   r e s p o n s e   p r e s u m a b l y   r e f l e c t s   t h e   q u a s i - s t e a d y   f l o w  
a c c e l e r a t i o n  process i n   o p e r a t i o n ,   p o s s i b l y  as a H a l l  vo l t age  
component of t h e  t o t a l  electric f i e ld .   The  rather wel l -def ined  
n u l l  time between t h e s e  t w o  s igna l s  is somewhat  puzzling, 

I 
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p a r t i c u l a r l y   s i n c e  no co r re spond ing ly   ab rup t  processes are 
e v i d e n t   i n   t h e   d e v e l o p m e n t   o f   t h e   d i s c h a r g e   c u r r e n t   d i s t r i -  
b u t i o n   i n   t h i s   r e g i o n .  

F i g u r e  8e,f d i s p l a y  records of Ex o b t a i n e d  by a probe 
immersed i n   t h e   c o n d u c t i o n   b a n d s   n e a r   t h e   a n o d e   a n d   c a t h o d e  
s u r f a c e s .  Here t h e  Ex f i e l d  is  e s s e n t i a l l y  para l le l  t o  t h e  
c u r r e n t   v e c t o r   a n d   h e n c e  is p r i m a r i l y  a r e s i s t i v e  component, 
n e a r l y   c o n s t a n t   o v e r   t h e   l i f e t i m e  of t h e   s t e a d y   c u r r e n t  pat- 
t e r n   a n d  opposite i n   s i g n   n e a r   t h e   a n o d e   a n d   c a t h o d e .   I n   t h e  
s t a b i l i z e d   c o n d u c t i o n   b a n d s ,  t 7 10 psec, E v i r t u a l l y  
van i shes  a s  s e e n   i n   F i g .  loa ,  b. 

Y 

I n  F ig  10c,d E traces a l o n g   t h e  metal  e l e c t r o d e s  are 
Y 

shown: t h e s e  t races  rise as  t h e   s h e e t  sweeps by  and  then f a l l  
off g r a d u a l l y   d u r i n g   t h e   r e m a i n d e r   o f   t h e  p u l s e .  F i g u r e  10e 
shows t h e  E s i g n a l  ir: t h e   s t a b i l i z e d   z o n e   w h i c h ,   e x c e p t i n g  
f l u c t u a t i o n s ,   r e m a i n s   r e l a t i v e l y   c o n s t a n t .  The  magnitude  of 
E i n   t h e  s t a b i l i z e d  z o n e   f a l l s   o f f   w i t h   d i s t a n c e  from t h e  
e l e c t r o d e   d i s c o n t i n u i t y   g o i n g  t o  z e r o  a t  t h e   e n d  of t h e  
s t a b i l i z e d   c u r r e n t   z o n e ,   F i g .  1Of. 

Y 

Y 

/ 

Magnetic and e lectr ic  f i e l d  da ta  l i k e   t h a t  shown above 
can  be employed i n  a s impl i f i ed ,   bu t   s e l f - cons i s t en t   one -  
d imens iona l  model t o  y i e l d  estimates o f   t h e   s a l i e n t   p r o p e r t i e s  
of t he   f l ow  pas s ing   t h rough   t he   s t ab i l i zed   cu r ren t   zone .  De- 

t a i l s  o f   t h i s   a n a l y s i s  are a v a i l a b l e   i n  R e f .  59; b r i e f l y ,  i t  
is found   t ha t   t he   deg ree  of ion izaLion  is about  80 p e r c e n t ,  
t h e  o u t l e t  t o  i n l e t   v e l o c i t y  r a t i o  is  somewhat g r e a t e r   t h a n  2 ,  

and   t he  mass flow ra te  o v e r   t h e   s t a b i l i z e d   p h a s e   i n t e g r a t e s  t o  
about  15 p e r c e n t  of t h e   a m b i e n t   g a s   d e n s i t y   i n   t h e   i n t e r e l e c -  
trode gap.  The l a s t  f i g u r e  i s  important  i n  i n d i c a t i n g  a possible 
source of mass for the s t ab i l i zed  accelerator, namely gas which 
has escaped  complete en t ra inment  by t h e   p r o p a g a t i n g  c u r r e n t  
sheet. C u r r e n t   s h e e t s  of t h i s   i n t e n s i t y ,   w i t h  large anode 
feet ,  are known from ear l ier  s t u d i e s  1501 t o  be " imper fec t  
SweeperS'' a fact  conf i rmed  by   the   observed   magni tude  of the 

I 

t 
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Ex spike too small t o  a c c o u n t   f o r   f u l l   a c c e l e r a t i o n   o f   t h e  
i o n s  t o  shee t   ve loc i ty .   Thus ,  it a2pears t h a t   t h e  propa- 
gating s h e e t   o n l y   p a r t i a l l y  accelerates the ambient   gas  it 
passes over ,   which la te r  s u r g e s   i n t o   a n d  i s  a c c e l e r a t e d   b y  
t h e   s t a b i l i z e d   c u r r e n t   p a t t e r n .  

C l e a r l y   t h i s   p a r t i c u l a r   s o u r c e  of mass f l o w  c a n   s u f f i c e  
for o n l y  a l imi t ed  t i m e  before 5ecoming  exhausted.   For  longer 
d r i v i n g   p u l s e s ,   e v i d e n c e  of a d e c a y   i n   t h i s  source should  ap-  
pear i n  tkde o u t f l o w ,  an5   such  a tendency is ixdeed   obse rved   i n  
wedge fl-i s t u d i e s   o f  a 30/80 c u r r e n t  p u l s e .  A s  t h i s   s u p p l y  
is  dep le t ed ,   t he   d i scha rge   im2edancc   shou ld  rise and/or new 
s o u r c e s  of mass must be ac t iva t ed .   Ev idence  is  p r e s e n t e d  be- 
l o w  t h a t   u n d e r   t h e s e   c i r c u m r t a n c e s   r h e   d i s c h a r g e   i n c r e a s e s  i t s  
voltage t o  a p o i n t  where it (.an ablate s u f f i c i e n t   e l e c t r o d e   a n d  
i n s u l a t o r  material t o  s u s t a i n   i t s e l f   o n  these- vapors.  

i To r e l i e v e   t h i s  mass s t a rva t ion   cond i t ion ,   one   na tu -  
r a l l y  t u r n s  t o  a n   e x t e r n a l  gas s u p p l y   o f  some s o r t ,   b u t   h e r e  
o n e   e n c o u n t e r s   t h e   i n h e r e n t l y  s l o w  gasdynamic time scale. 

i F i g u r e  11 d i s p l a y s   t h e   s h o c k  t u b e  g a s   i n j e c t i o n   s y s t e m   d e -  

! veloped f o r   t h e  parallel-plate accelerator. Despite the   sub-  
s t a n t i a l l y   s u p e r i o r  rise time of such  a sys tem  over   any  mechan- 
i ca l  gas valve,  i t  is  incapab le  of g e t t i n g   s i g n i f i c a n t  mass t o  

1 t h e   d i s c h a r g e   z o n e   u n t i l  w e l l  o v e r  100 psec. For  example, a l -  
! t hough   d i scha rges   d r iven   by  30/80 c u r r e n t   p u l s e s  show c lear  

e v i d e n c e s   o f  mass s t a r v a t i o n  toward t h e   e n d  of t h e i r  f l o w s ,  
no c o n v i n c i n g   d i f f e r e n c e s   i n   v o l t a g e   s i g n a t u r e s   c a n  be ob- 
served   be tween  d i scharges   in   100  p ambient   argon,   and  those 
p rov ided   w i th  shock tube  gas i n j e c t i o n  a t  t h e  same i n i t i a l  

I 
p r e s s u r e .  The i n t e r p r e t a t i o n  is s i m p l y   t h a t   t h e   a v a i l a b l e  1 
time scale (80 psec) i s  too s h o r t  for t h e   i n j e c t i o n  flow t o  i 

c become p r o p e r l y   e s t a b l i s h e d .  Before t h e   e x t e r n a l l y   s u p p l i e d  
gas c a n   p r o v i d e  a quas i - s teady   in f low to  t h e   a c c e l e r a t i o n   z o n e ,  
it must f i r s t  f i l l  t he   channe l   vo id   c r ea t ed   by   t he   sweep ing  

! c u r r e n t   s h e e t  as it p ropaga te s  t o  i t s  s t a b i l i z e d   p o s i t i o n .  
1 

I 

! 
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This f i l l i n g   p r o c e s s   m u s t   r e q u i r e  a t i m e  o f   t h e   o r d e r   o f   t h e  
channe l   l eng th   i nvo lved   d iv ided   by   t he   sound   speed   o f   t he   i n -  
j e c t e d  gas, i.e.,  hundreds  of   microseconds.  

In o t h e r  words, w h i l e  it a p p e a r s   t h a t   t h e   e l e c t r o d y -  
namic aspects of s t e a d y  plasma a c c e l e r a t i o n ,  i.e., c u r r e n t  
p - t t e r n   s t a b i l i z a t i o n ,  can be   s imula ted   on  a time scale of 

;IS of microseconds,   a t ta inment  of t h e   c o r r e s p o n d i n g   q u a s i -  
- t e a d y  gas flow f r o m  an  e x t e r n a l  source w i l l  r e q u i r e   a n   o r d e r  
of magnitude  longer  test time. Exper iments   d i rec ted   toward  
achievement  of t h i s   q u a s i - s t e a d y  made of p lasma   acce le ra t ion  

are d e s c r i b e d   i n   t h e   f o l l o w i n g   s e c t i o n .  

g u a s i - s t e a d y  Plasma  Accelerat ion 

P r i o r  t o  s e l e c t i n g  a pulse   shape   and   shock  t u b e  c m f i g -  
u r a t i o n  for d e t a i l e d   q u a s i - s t e a d y   a c c e l e r a t i a n   e x p e r i m e n t s ,  a 
series of tests was performed t o  d e t e r m i n e   t h e  minimum t i m e  

scale over which  the  appearance of e x t e r n a l l y   i n j e c t e d   g a s   i n  
t h e   d i s c h a r g e   c o u l d  be e s t a b l i s h e d .  To r e d u c e   t h e  interelec- 
trodc c a v i t y   u p s t r e a m  of t h e  d i s c h a r g e ,   t h e  electrodes were 
s h o r t e n e d  from 5 1/4 t o  2 i n . ,  and  downstream  terminal   vol t -  
a g e   s i g n a t u r e s  were r e c o r d e d   f o r   v a r i o u s   c u r r e n t  pulse l e n g t h s  
i n   b o t h   t h e  a-nbient f i l l  and   i n j ec t ion   nodes .   F igu re   12  com- 
p a r e s  typical ambient  a n d   i n j e c t i o n   r e s p o n s e s  for t h r e e   p u l s e s ,  
201125, 10/2SO and 5/500. T h e   v o l t a g e   s i g n a t u r e s  for t h e  
201125 pulse in   the   shock   tube   and   ambient  cases are n e a r l y  
identical, i n d i c a t i n g   t h a t   w h i l e   t h e   s h o c k   t u b e  i s  p r o p e r l y  
s i m u l a t i n g  100 p i n i t i a l l y ,  it does   no t   succeed  i n  supply ing  
a d d i t i o n a l  mass t o  t h e   d i s c h a r g e   o v e r   t h e   b a l a n c e  of t h e  pulse  
t i m e .  Fcr t h e  10/250 case, however, a d i f f e r e n c e   i n   t h e  vo l t -  
a g e   l e v e l  between the  ambient   and  shock  tube cases can be 
n o t i c e d  over t h e  l a t t e r  h a l f  of t h e  pulse.  The e f f e c t  is more 
e v i d e n t  fur t h e  5 / 5 0 0  pu l se   where   t he   shape  of t h e  en t i re  s i g -  
n a t u r e  is marked ly   d i f f e ren t ,   and  n e a r  t h e   e n d  of t h e   p u l s e  
t h e  shock t u b e   v o l t a g e  is n e a r l y  50 pe rcen t   l ower   t han   t he  
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ambient   va lue ,  It seems q u a l i t a t i v e l y   r e a s o n a b l e   t h a t   t h e  
ambien t   s igna l s   shou ld  increase wi th  time due  t o  a mass star- 
v a t i o n  of t h e   d i s c h a r g e ,   w h i l e  t h e  shock   tube   s igna tures   de-  
crease a s ' t h e   i n j e c t e d   f l o w  increases t h e   p r e s s u r e   i n   t h e   d i s -  
cha rge   r eg ion .  Cased on a series of such s t u d i e s ,  it is con- 
c l u d e d   t h a t   a n   e x t e r n a l l y   s u p p l i e d   g a s   f l o w   f r o m   t h e   e x i s t i n g  
shock   t ube   i n j ec t ion   sys t em can be   e s t ab l i shed  a t  t h e   d i s -  
c h a r g e   r e g i o n   f o r  p u l s e  times of  150 psec or g r e a t e r ,  

To v e r i f y   t h a t   t h e   e x t e r n a l   f l o w ,   w h i c h   o n   t h e   b a s i s  
o f  the voltage  measurements   appears  t o  be   f eed ing   t he   d i scha rge ,  
is indeed   be ing   acce le ra t ed ,  a sma l l  1S0 h a l f   a n g l e  wedge is 
a g a i n   p l a c e d  2 1/4 in.  downstream  of t h e  me ta l - to - insu la t ion  
d i s c o n t i n u i t y ,   h o p e f u l l y  to g e n e r a t e   v i s i b l e  bow shocks.  Now, 
h o w e v e r ,   f o r   t h e   r e l a t i v e l y  low d i scha rge   cu r ren t   ampl i tudes  
p red ica t ed   by   t he   l ong   pu l se   r equ i r emen t ,   t he   f l ow  luminos i t i e s  
are much less i n t e n s e ,  and t h i s   t e c h n i q u e  becomes  marginal, a t  
best. F o r   t h e  5/500 p u l s e ,   t h e   l u m i n o s i t y   o f   t h e   f l o w  is too 
weak to be photographed  even  with a 5 psec Kerr-cell s h u t t e r .  
For the 10/250 waveform, v i s i b l e  bow shacks are found,   but  
on ly  for a narrow  range of i n j e c t e d  mass flow rate, Above and 
below th i s   r ange ,   and   even   w i th  100   ambient   p ref i l l ,   no  
shocks are observed. A t  t h e i r   b e s t ,   t h e   s h o c k  waves are r a t h e r  
d i f f u s e ,   s u g g e s t i n g   t h a t   t h e   f l o w  is  q u i t e   r a r i f i e d   i n   t h i s  re- 
g i o n .   U s i n g   h i g h l y   s e n s i t i v e   p i e z o c r y s t a l   p r e s s u r e   t r a n s d u c e r s  
and a simple volume f i l l i n g   p r o c e d u r e   t h e  mass flow rate t o  t h e  
d i scha rge   fo r   wh ich   shocks  are most d i s c e r n i b l e  is estimated 
to b e  3.6 grams/sec. 

It is a p p a r e n t   f r o m   t h e s e   r e s u l t s   t h a t   t h e   r e l a t i v e l y  
low cur ren t   ampl i tudes   ava i l ab le   f rom  the   f i xed   ene rgy   bank   fo r  
t h e  long p u l s e  times requ i r ed   fo r   f l ow  e s t ab l i shmen t  are r e a l l y  
inadequa te  t o  d r i v e   t h i s  s ize  accelerator i n  t h e   d e s i r e d  m o d e  
and   dens i ty   r ange .   Tha t  is, as t h e   i n j e c t e d  mass flaw, and 
c o r r e s p o n d i n g   g a s   d e n s i t y  i n  the   d i scha rge   r eg ion  are i n c r e a s e d  
i n t o  the d e s i r e d   r a n g e   o f   o p e r a t i o n ,   t h e  mass  overload becomes 
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too great f o r   t h e   p r e v a i l i n g   i o n i z a t i o n   a n d   e l e c t r o m a g n e t i c  
a c c e l e r a t i o n  mechanisms,  and no v i ab le   supe r son ic   ou t f low is 
achieved.   Various  narrower  breadth  channels   have  been t r ied  
in a t t e m p t s  t o  i n c r e a s e   t h e   d i s c h a r g e  c u r r e n t  dens i ty ,   bu t  
these in t roduced   undes i r ab le   f i e ld   f r ing ing   and   d i scha rge   con-  
s t r i c t i o n   e f f e c t s  which  more  than  counterbalanced  their  d i s -  
c h a r g e   i n t e n s i f i c a t i o n .   C l e a r l y   a n   o r d e r  of magnitude  larger  
e n e r g y   s o u r c e  i s  needed t o  conduc t   t h i s   expe r imen t   p rope r ly ,  
a n d   t h i s  is p r e s e n t l y  unde r  construct: ion.  

N e v e r t h e l e s s ,   i n   t h e   o n e   p a r t i c u l a r   r a n g e  of mass  flow 
men t ioned   above ,   t he   des i r ed   e f f ec t  has been  demonstrated;  
namely,   the   device  has   succeeded i n  accompl i sh ing   t he   t r an -  
s i t i o n s  from i t s  i n i t i a l   p r o p a g a t i n g   s h e e t   p h a s e ,   t h r o u g h   a n  
in te r im  phase   where  it accelerates over run  ambient gas  and/or 
e l e c t r o d e - i n s u l a t o r  material, to   t he   quas i - s t eady   phase   where  
it accelerates an  e x t e r n a l l y   i n j e c t e d   g a s   f l o w .  To examine 
this l a t t e r   p h a s e  i n  more d e t a i l ,  a series o f  electric snd 
magnet ic   p robe   s tud ies   have   aga in   been   per formed  to  map t h e  
p r e v a i l i n g  field a n d   c u r r e n t   d i s t r i b u t i o n s .  Details of t h i s  
work,  and of t h e   a n a l y s i s   b a s e d  on it are a v a i l a b l e  i n  Ref. 59 
b r i e f l y ,  it i s  found t h a t   u n l i k e   t h e   h i g h - c u r r e n t   p a t t e r n s ,  
which are bowed f a r  downstream, t h e  10/25G c u r r e n t   d i s t r i b u t i o n  
is nearly  one-dimensional ,   and  the streamwise e lectr ic  f i e l d  
fa l l s  to zero upstream of t h e   c u r r e n t   d e n s i t y  maximum. The 
a n a l y s i s   t h e n   i n d i c a t e s  a v e l o c i t y  r a t io  of ahout  2.5 acrass 
the ac rz l e ra t ion   zone ,   and  a degree  of i o n i z a t i o n   o f   a b o u t  
20 p e r c e n t  w i t h i n  it. 

< 

One in t e re s t ing   by -p roduc t   o f   t he   o the rwise   meage r  
brr-cell r e s u l t s   o f   t h e   l o n g   p u l s e   d i s c h a r g e s   h a s   b e e n   t h e  
reve1a: ion  of g rea t ly   i nc reased   1 : rminos i ty   i n   t he   anode   and  
c a t h o d e  j e t s  emanat ing   f rom  the   e lec t rode- insu la tor   d i scon-  
t i n u i t i e s  as t h e  mass f low  decreases   (Fig.  13). It is hypoth- 
e s i z e d   t h a t  a.s t h e  mass f low  dec reases ,   t he   d i scha rge  is 
s t a r v e d  for mass and a b l a t e s   e l e c t r o d e   a n d / o r   i n s u l a t o r  

i 
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material t o  f eed  i t s e l f ,  w i t h  a r e s u l t i n g   i n t e n s i f i c a t i o n  of 
t h e   l u m i n o s i t y   n e a r   t h e  electrode d i s c o n t i n u i t y .  To check 
t h i s   h y p o t h e s i s ,   t h e   d i s c h a r g e   h a s   b e e n   e x a m i n e d   s p e c t r o -  
s c o p i c a l l y  for t h e   v a r i o u s  mass flow rates a v a i l a b l e .  As t h e  
e x t e r n a l  f l o w  is reduced ,   t he re  is observed t o  be a major in-  
crease i n   t h e   i n t e n s i t y  of the   molecular   carbon  bands ,  a n  in -  
crease i n   t h e   i n t e n s i t y   o f  aluminum l ines ,   and  a d e c r e a s e   i n  
t h e   a r g o n   l i n e   r a d i a t i o n .   I f   o n e  associates t h e   c a r b o n   w i t h  
the o r g a n i c   i n s u l a t o r  material, t h e   h y p o t h e s i s  seems a t  least 
q u a l i t a t i v e l y   c o n f i r m e d .  

Summary 

Based o n   t h e   e x p e r i m e n t s   d e s c r i b e d   h e r e ,   t h e   d e t a i l e d  
ana lyses   deve loped   in   Ref .  5 9 and earlier work, w e  may p i e c e  
t o g e t h e r   t h e   f o l l o w i n g   p i c t u r e   o f   t h e   m e t a m o r p h o s i s  of t h e  
plasma a c c e l e r a t i o n  process i n   t h e   p a r a l l e l - p l a t e ,  par t ia l -  
e l ec t rode   channe l   d r iven   by  a l o n g   c u r r e n t   p u l s e :  A t  b reak-  
down a c u r r e n t   s h e e t  is formed near   the   ups t ream  end  of t h e  
electrode c h a n n e l ,   o f   w i d t h   a n d   i n t e n s i t y   d e t e r m i n e d   b y   t h e  
rise time a n d   a m p l i t u d z   o f   t h e   d r i v i n g  p u l s e .  Driven  by its 
own m a g n e t i c   f i e l d ,   t h i s   s h e e t   p r o p a g a t e s   i n t o   t h e   a m b i e n t  
g a s ,   e n t r a i n i n g  a l a r g e   f r a c t i o n   o f  it, b u t   l e a v i n g  some pro- 
f i l e  o f  slower g a s   i n  i t s  wake. Upon r e a c h i n g   t h e   e l e c t r o d e -  
i n s u l a t o r   d i s c o l l t i n u i t y ,   t h e   s h e e t   d e c e l e r a t e s   r a p i d l y  t o  a 
s t a b i l i z e d   d i s c h a r g e   c o n f i g u r a t i o n ,   w h i l e  some o f   t h e   g a s  
o r i g i n a l l y   e n t r a i n e d   o n  it c o n t i n u e s  down the   channe l   on  i t s  
Own i n e r t i a .  The s tab i l ized  d i scha rge ,  whose p a r t i c u l a r  con- 
f i g u r a t i o n   a g a i n   d e p e n d s   o n   t h e   a m p l i t u d e   o f   t h e   d r i v i n g  c u r -  
r e n t ,  is now f e d  from the   ups t r eam side b y   t h e  slower g a s   l e f t  
b e h i n d   t h e   c u r r e n t   s h e e t ,  whit-h g a s  it accelerates through it- 
self i n   t h e  classical  s e l f - f i e l d   L o r e n t z  m o d e  t o  a v e l o c i t y  
that  m a i n t a i n s   t h e   t e r m i n a l   v o l t a g e   t h e  same as t h e   t r a n s i e n t -  
phase   va lue .   In   t he   absence  of a n o t h e r   s o u r c e  of mass, t h e  
d i s c h a r g e   e v e n t u a l l y   e x h a u s t s   t h i s   r e s e r v o i r  of overswept   gas ,  
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and  begins  to vaporize  insulator and/or electrode  material  to 
maintain itself, much like  a  "vacuum arc." This  phase is 
characterized by increased  luminosity of the  anode  and cath- 
ode jets, and  an  increase  in  arc voltage. If  an  external 
mass  source is  provided, it must first refill  the  channel up- 
stream of the stabilized  discharge  before  any  quasi-steady 
inlet  flow to  the discharge  region  can  be established. This 
is a relatively  slow process,  and  depending on particular 
channel  dimensions and  injection  procedures,  may  take 100 psec 
or more. Once  such inlet  flow is established,  however,  the 
discharge  voltage  drops,  erosion  luminosity i s  sharply re- 
duced, and  the accelerator  operates on the injected mass flow 
in the  same quasi-steady, self-field mode. 



3 1  

111. QUASI-STEADY PLASMJ4 ACCELERATION  (Clark) 

! 

Stabilization  of  the  discharge  current  patterns of 
pulsed  plasma  accelerators  into  steady  diffuse  phases for 
pulse lenc_ths above a few  microseconds  has  been  demonstrated 
for several  electrode  geometries  both in this laboratory,  and 
elsewhere [57,A-2]. Study of this  "quasi-steady" phase for an 
electrode  configuration  resembling  the  steady  state rnagneto- 
plasmadynamic  arcjet is attractive  from  several  points of 
view. First,  such  quasi-steady operation  permits  application 
of transient  diagnostic  techniques  within  the  arc  chamber and 
exhaust plume, environments  normally too  hostile for  detailed 
study  in  the  steady state. Second, the  quasi-steady  experi- 
ment permits  extension of  MPD  cperation  to multi-megawatt 
power  levels  inaccessible in steady  state  experiments  because 
Of heat  transfer,  power  supply,  and  gas  handling limitations. 
Such  high  power  operation is of basic  interest  because  the 
overall  efficiency of the MPD arc  has  been  observed to improve 
as  the power  level is increased, and n.ay also  be  instructive 
for advanced  mission studies. For example, certain  projections 
of manned  missions  to  the near planets  favor  propulsion syatern 
power in the  range  of  1 - 10 M W ;  quasi-steady MPD studies  may 
provide  an  initial hint on the  feasibility of single  thruster 
operation in this range. Finally, and perhaps most  important, 
the quasi-steady  acceleration mode may prove to be an interest- 
ing propulsion  technique in its own right, In particular, it 
is possi.ble that  intermittent long-pulse operation may  combine 
the  benefits of high  power EPD operation  with  tolerable  average 
power  consumption  and  simple  variable  thrust  capability via 
duty cycle adjustment. 
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pulse.  With  reference to Fig. 14the injected  mass  pulse 
must  rise  quickly ( rR) to  a  steady  value,  and  remain as that 
value  until  after  the  current  pulse  has  been  completed (rM). 
The current  pulse  cannot  be  initiated  until  the  chamber  pres- 
sure  has  reached  a  steady  value  corresponding  to  the  injected 
mass  flow  rate, (?A), but  this  time  must  be  sufficiently  short 
that  the  vacuum  tank  back  pressure  is  not  compromised  by  the 
pre-discharge  flow.  After  the  appropriate  delay ( rD) the  cur- 
rent  pulse  is  triggered,  rising  quickly (%)  to some  steady 
value,  and  lasting  for  a  time  characteristic of the  current 
source ( 5 ) . Before  the  arc  discharge  can  be  considered to 
be operating as a true  quasi-steady  accelerator,  the  chamber 
pressure  must  readjust to its "hot"  operating  condition, ( rF) , 
the exhaust  plume  must  reach  some  stabilized  current  density 
pattern (rs) and  the  cathode  must  attain  steady  thermionic 
emission ( 5 ) .  If these  several  time  constants  are of com- 
mensurate  magnitudes  and  the  various  events  are  properly  syn- 
.:"~ronized,  there  remains an  interval ( T )  during  which  reason- 
able  simulation of steady  operation  should  prevail. 

Q 

In the  experiment  described  here,  the  driving  current 
pulse  is  provided by a  bank of 40 x 3.2 PF capacitors  arranged 
in an LC ladder  network.  Varying  the  interstation  inductance 
yields a variable  amplitude,  variable  length  pulse  covering 
the  range  from  140 kA x 20 psec to 4.4 kA x 600 psec.  A  sepa- 
rate  gas-triggered,  closed-chamber  discharge  switch  [16]  trans- 
fers the  10 kV bank  voltage  to  the  electrode  assembly. 

A shock  tube is  used to provide  the  tailored mass in- 
j?ction  pulse. As seen  in Fig. 15 this  tube  is  mounted  di- 
rectly  behind the arc  chamber  with  six  interchangeable  in- 
jection  tubes  connecting  the  end of Lhe  Plexiglas  driven 
section  to  the  discharge chamber. The tube is  not  operated 
in the  conventional  manner  in  the  sense  that  the  driven  section 
is not  maintained  at a continum pressure  level,  but  is  pumped 
out to the  back  pressure of the  vacuum  tank  (about 10- torr). 
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T h e   d r i v e r   s e c t i o n  is norma l ly   p re s su r i zed  t o  35 psia. Upon 
rup tu r ing   t he   d i aphragm,  the p r e s s u r e   h i s t o r y  a t  t h e   d r i v e n  
section end w a l l  and   t hus   t he  mass i n j e c t i o n  h i s t o r y ,  is  
formed by t h e   s u p e r p o s i t i o n  of t h e   i n i t i a l   d i f f u s e   c o m p r e s s i o n ,  
the rear p o r t i o n  of t h e   i n i t i a l   r a r e f a c t i o n  wave which is con- 
vected downstream,  and t h e   r e f l e c t i o n   o f  the  r a r e f a c t i o n   h e a d  
off the d r i v e r   e n d  w a l l .  The t u b e   l e n g t h  is t h e r e f o r e   k e p t  
r e l a t i v e l y   s h o r t  t o  r educe   t he  time t o  a t t a i n   s t e a d y   e n d  w a l l  
pressure. The par t icular  c o n f i g u r a t i o n  shown, c o n s i s t i n g   o f  
a dr iven   s ec t ion   30 - in .   l ong  b y  2 3/8-in. i .d.,  a n d   d r i v e r  
s ec t ion   6 - in .   l ong   by  4 3 / 4 - i ~ . .  i .d .  is  capable o f   p r o v i d i n g  
mass f l o w  rates up t o  50 g/sec f o r  3 msec, wi th  a rise time 

I 

. of abou t  1 msec. 

A p i e z o e l e c t r i c   p r e s s u r e   s e n s o r  is  mounted i n   t h e   d r i v e n  
s e c t i o n   e n d  w a l l  t o  monitor  end w a l l  p r e s s u r e  t i n e  h i s t o r y   a n d  
to p r o v i d e  a time mark for synchron iz ing   t he  mass and   cu r ren t  
pu lses .   The   gas- t r iggered   swi tch  i s  supp l i ed   5y  a b l e e d e r  
t u b e  from t h e   u p s t r c a m   p o r t i o n  of t h e  :;hock tube  channel .  Ad- 
j u s t i n g   t h e   l e n g t h   a n d   s i z e  o€ t h i s   l i n e   c o n t r o l s   t h e   d i s c h a r g e  
d e   l a y  t i m e  ( rD) . 

Figure  16 shows a t y p i c a l  trace. o f   t he   end  w a l l  p r e s s u r e  
h i s t o r y  compared  with  the arc c u r r e n t .   I n   t h i s   p a r t i c u l a r  case, 
t h e  mass f low ra te  r eaches  a l e v e l  of about  36 g/sec a f te r  
1 msec. The d i scha rge  i s  t r i g g e r e d  a t  roughly  1.3 msec, a time 
v e r i f i e d  t o  be s u f f i c i e n t l y   l o n g  t o  allow t h e  chamber  pressure 
to reach an   equ i l ib r ium  va lue .   A l though   t he  capacitor l i n e  
r i n g s  down i n  a f a s h i o n   c h a r a c t e r i s t i c  of i t s  mismatch t o  t h e  
load, only t h e  first ha l f - cyc le  is employed i n   t h i s   e x p e r i m e n t .  

P rope r   s imu la t ion  of s t e a d y  MPD operation a lso involves  
r e p l i c a t i o n  of t h e   e s s e n t i a l  features o f   t h e  arc  chamber  ge- 
omet ry .   Based   on   . the   typ ica l   conf igura t ion  of a c e n t r a l ,  coil- 
i ca l ly - t ipped   ca thode ,  a pierced anode  s l ight ly   downstream  and 
coaxial w i t h  it, and ax ia l  gas in j ec t ion   ups t r eam  o f   t he  elec- 
t r o d e  gap, the re   r ema ins   on ly   t he   cho ice  of absolute dimensions 



'3 6 

(0.6 

P 

atm/ DIW 

t 
I 
I 
I 
I 

I 
I 
I 
I 

J I  

I I I # I  1 ! I I I J 
4 1.3 rnsecL 

. 
m 

20 g/eec 
DIV 

t 

t ( 500 p sec/DIV) 

SYCHRONIZATION OF CURRENT PULSE 
TO INJECTED MASS PULSE 



37 

on   t he  basis o f  some a p p r o p r i a t e   s c a l i n g   c r i t e r i o n .   F o r   t h i s  
purpose ,   one   might   requi re   dupl ica t ion  of t h e   t h r u s t   d e n s i t y ,  
which   for  a g i v e n   s p e c i f i c   i m p u l s e   i m p l i e s   e q u a l  power den- 
s i t y  and  mass f l u x   d e n s i t y ,  or, a l t e r n a t i v e l y ,  a magnetic i n -  
t e rac t ion   parameter   might   be   invoked .   Actua l ly ,   these   two 
a p p r o a c h e s   y i e l d   e s s e n t i a l l y   t h e  same conc lus ion ,  by v i r t u e  
of t h e   f a m i l i a r   r e l a t i o n   b e t w e e n   t h e  arc cu r ren t   and  t h e  
to ta l  e l e c t r o m a g n e t i c   t h r u s t  [ 53 ] 

t h r u s t  
t o t a l   c u r r e n t  
e f f e c t i v e   r a d i i   o f   d i s c h a r g e   a t t a c h m e n t  
on  anode  and  cathode 
mass f law rate 
spec i f i c   impu l se  
sea l e v e l   g r a v i t a t i o n a l   a c c e l e r a t i o n  

(3-1) 

That  is, f o r  a g i v e n   s p e c i f i c   i m p u l s e ,   t h e   t h r u s t   d e n s i t y ,   m a s s  
f l u x   d e n s i t y ,   a n d  power d e n s i t y  a l l  scale as (J /A) Lrsr (ra,rc). 
P r e s u m i n g   t h e   i n s e n s i t i v e   l o g a r i t h m i c   f a c t o r  t o  be approxi -  
mate ly   matched   by   re ta in ing   the  same r a t i o  of a n o d e   o r i f i c e  
t o  c a t h o d e   d i a m e t e r s ,   t h e   a b s o l u t e   v a l u e s  of t h e s e  radi i  should 
t h u s  be scaled l i n e a r l y   w i t h   t h e   d i s c h a r g e   c u r r e n t .   S i n c e  w e  
c h o o s e   t o   c o v e r   t h e  c u r r e n t  range  from  4,000 t o  140,000 amp, 
compared t o  t h e  2,000 t o  4,000 amp range of steady dev ices ,  
t h e i r  typical anode   o r i f i ce   r ad ius   o f   1 /4  i n .  should   here  be 
idreased by about one  order  of magnitude.  The s e l e c t e d   v a l u e  
of 2 i n .   a c t u a l l y   p e r m i t s   s t u d y  of s u b s t a n t i a l l y   h i g h e r   r a n g e s  
o f   t h r u s t   d e n s i t y   t h a n   a t t a i n a b l e   i n   t h e   s t e a d y   a c c e l e r a t o r s .  

2 

The t h r u s t   r e l a t i o n  (3-1) is p l o t t e d   i n   F i g .  17 i n  a 
s l i g h t l y   d i f f e r e n t  form t o  d i s p l a y   t h e   c o r r e s p o n d i n g  mass flow 
rates r e q u i r e d  t o  a c h i e v e   t h e   i n t e r e s t i n g   s p e c i f i c   i m p u l s e  
r ange   fo r   t hese   l a rge   cu r ren t s .   Fo r   t he   chosen   anode   r ad ius ,  
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t r a n s c r i b e   i n t o  mass f l u x   d e n s i t i e s  from  0.10 t o  4.30 
sec, a range   which   over laps  and ex tends   t he   s t eady   f l ow 
of  0.15 t o  2.00 kg/m2 sec. 

The outer f a c e   o f   t h e   a n o d e  is allowed to extend   a lmost  
t o  t h e  vacuum t a n k  w a l l ,  a r a d i u s   o f  17 in . ,  so as no t  to in -  
h i 5 i t   t h e   e x h a u s t  plume  growth  and  thus raise t h e   a n o d e   f a l l  
vo l t age  [54] .  The  2 p e r c e n t   t h o r i a t e d   t u n g s t e n   c a t h o d e   h a s  a 
3/4-in.   diameter base and  extends 1 i n .   i n t o   t h e  arc chamber. 
A photograph of t h e  chamber   showing  the  cathode,   injector  
p lugs ,   and   pa r t  of t he   anode  is d i s p i a y e d   i n   F i g .  18. The 
assembled chamber  and mass i n j e c t i o n   s y s t e m  are i n s t a l l e d   i n  
a 3-ft. d iame te r  x t i - f t .   long   P lex ig las  vacuum tank  1401 

Before   each   shot   the   t ank  is evacuated t o  less t h a n  lo-' t o r r ,  
a t  wh ich   p re s su re   t he  mean f r e e   p a t h   o f   t h e   r e s i d e n t  particles 
is  cons ide rab ly   l a rge r   t han   t he   r ank   d imens ion .  

The   opera t ion   sequences  of t he   sys t em  beg in   w i th   p re s -  
s u r i z a t i o n  of t h e   s h o c k  tube d r i v e r   t o  35 psia, and  charging 
of t h e   c a p a c i t o r   l i n e  t o  10 kV. The diaphragm is  then   rup-  
t u r e d   w i t h  a sp r ing lcaded   b l ade .  The p r e s s u r e  wave p ropaga t ing  
down t h e  tube i s  f i r s t  sampled  by  the small bleed  tube  which 
b e g i n s   f i l l i n g  of the   gas- t r iggered   swi tch ,   and   then  is re- 
corded   by   the   end  w a l l  p i e z o c r y s t a l .   T h i s   s i g n a l   t r i g g e r s   a n  
o s c i l l o s c o p e   t o   d i s p l a y   t h e   d e l a y  time u n t i l   s w i t c h   b r e a k  
down a n d   d i s c h a r g e   i n i t i a t i o n   o n  a recGrd of t h e   i n t e g r a t e d  
response of a Rogawski coi l  e n c l o s i n g   t h e  chamber as shown i n  
Fig.19. A typical o s c i l l o g r a m  is shown i n  Fig.16.  The  Rogowski 
coil  also t r i g g e r s  a second  oscil loscope  which  sweeps a t  a 
much f a s t e r  rate and   moni tors   o ther   d iagnos t ic   measurements ,  
such as t h e   e l e c t r o d e   v o l t a g e ,   m a g n e t i c   p r o b e   s i g n a t u r e s ,  etc., 
d u r i n g   t h e   f i r s t   h a l f - c y c l e   o n l y .  To p r e v e n t   s p u r i o u s   e l e c t r o -  
m a g n e t i c   n o i s e   f r o m   d i s t o r t i n g   t h e s e  traces, t h e   o s c i l l o s c o p e s  
are e n c l o s e d   i n  a s c r e e n  r o o m  which is grounded t o  the   anode  
by a 3-f t .   wide  by  15-f t .   long  copper   ground  plane.  A l l  l e a d s  
from t h e  Rogowski coil,  vo l t age   p robe ,   and   p i ezoc rys t a l  are 
d r e s s e d   c l o s e l y  t o  t h i s   g r o u n d   p l a n e .  
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Luminos i ty   Pa t t e rns  

Sample   photographs   o f   quas i - s teady   d i scharges   in   a rgon  i 
are shown i n   F i g .  20.  These  photographs,   taken  through a 5 psec 
I(e;.r-cell s h u t t e r ,   d i s p l a y   l u m i n o s i t y   p a t t e r n s   f o r   t h r e e   d i f -  i 
f e r e n t  mass flow rates a t  a common cu r ren t   l eve l   o f   17 .5  kA. i 3' 
With r e f s r e n c e   t o   F i g .   1 7   t h e s e   d i s c h a r g e s   r e p r e s e n t   c o n d i t i o n s  
of mass s t a r v a t i o n  (A = 1.2 g/sec) , mass  overfeed (A = 36.0 1, 
g/sec),   and mass f l o w   a p p r o x i m a t e l y   a p p r o p r i a t e   t o   t h e   a n t i c i -  I 
p a t e d   s p e c i f i c   i m p u l s e   f o r   a r g o n  (A = 5.9  g / s e c ) .   J u s t  as i n  a 6 
t h e s e   p h o t o g r a p h s ,   o v e r   t h e   e n t i r e   r a n g e   o f   c o n d i t i o n s  tested 
(mass flow rate from 1 . 2  g/sec to 36.0 g/sec  and  current  from 
4.4 kA t o  138 kA), t h e   d i s c h a r g e  i s  invar iab ly   ax isymmetr ic  1 

w i t h  no  evidefice  of  spoking.  Note also the   sharp   demarca t ion  :; 
betwsen   dark   and   l igh t  a t  the  upstream  edge of the  luminous 
p a t t e r n s ,   p a r t i c u l a r l y   i n   t h e   t i g h t l y   c o n f i n e d   p o r t i o n   n e a r  

.j 

t h e   c a t h o d e   t i p .  The effect  is most  pronounced  for  the low 4 
mass flow rate, and is  n o t   r e a d i l y   c o r r e l a t e d   w i t h   a n y  features d 
o f   t h e   c u r r e n t   d e n s i t y   p a t t e r n s   d i s c u s s e d  later.  I n   g e n e r a l ,  r 

I 
it is found t h a t   t h e   c h a r a c t e r i s t i c s  of such  photographs are 1 '  
t y p i c a l  of t h e  mass s t a r v a t i o n  or over feed   condi t ions ,   regard-  6 .  
less of t h e   c u i r e n t   l e v e l ,  i.e., it is the  combinat ion  of  c u r -  
r e n t  and  mass  flow r a t e  wh ich   i n f luences   t he   d i scha rge  appear- 
a n c e   r a t h e r   t h a n   e i t h e r   s e p a r a t e l y .  

I :  

B 
g -  
x 
4 

'i 

1. 
, .  

~~ ;: 
a r m i n a l   V o l t a q e  ? ,  

? . ;  .I : 
The  measurement of t o t a l   v o l t a g e   a c r o s s   t h e   d i s c h a r g e  

chamber is i n s t r u c t i v e   f o x   s e v e r a l   r e a s o n s :   f i r s t ,   t h e   e f f e c -  
t i v e n e s s   o f   t h e   e l e c t r o m a g n e t i c   a c c e l e r a t i o n   p r o c e s s   s h o u l d  be 
r e f l e c t e d   i n  a u x B or   back  emf component.  Second, l i t t l e  i s  
known a b o u t   t h e   r e s i s t i v e  component o f   d i s c h a r g e   v o l t a g e  a t  
cu r ren t   l eve l s   above   10  amp. I n  the   pas t ,   vo l t age   measu re -  
ments   have  been  used  extensively  in   s teady s ta te  expe r imen ta t ion  
to compare arc pe r fo rmance   w i th   t heo re t i ca l   acce l e ra t ion   mode l s .  
F i g u r e   2 1 d i s p l a y s  a t y p i c a l   v o l t a g e - c u r r e n t  trace for the 17.5 k A  

A A  

4 
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pu l se   and   an   a rgon  mass flow rate o f  3.8 g/sec. The s l i g h t  
droop i n   t h e   c u r r e n t  is due t o  t h e  time c o n s t a n t  of t h e   i n -  
t e g r a t i n g  c i rcui t :  larger time c o n s t a n t s   y i e l d   p e r f e c t l y  f l a t  
p r o f i l e s ,   b u t   h a v e  less s e n s i t i v i t y .  Note the s h a r p  drop i n  
the v o l t a g e   s i g n a l  a t  the beginning  of the p u l s e  from t h e  
a p p l i e d  10 kV t o  abou t   180   vo l t s .   Th i s  is i n t e r p r e t e d  as 
s i g n i f y i n g   t h e   a t t a i n m e n t  of the rmion ic   emis s ion   by   t he   ca th -  
ode, s i n c e   a n y  other mechanism  would r e q u i r e   s u b s t a n t i a l l y  
h i g h e r   v o l t a g e s  t o  suppor t  t h i s  c u r r e n t   d e n s i t y .   S t e a d y   v o l t -  
age traces o f   t h i s  sort are o b s e r v e d   o v e r   t h e   e n t i r e   r a n g e  of 
cu r ren t   and  mass f low  opera t ion .   F igure  22 summarizes  these 
data.  The r e p r o d u c i b i l i t y  for e a c h   p o i n t  is i n d i c a t e d   b y  a 
small v e r t i c a l   l i n e ,   i f   t h i s  exceeds the symbol   s ize .  

These r a w  v o l t a g e   d a t a  show t h e   g e n e r a l   t r e n d s  of de- 
crease w i t h  mass flow, and  increase  w i t h  d i s c h a r g e   c u r r e n t  
a n t i c i p a t e d  from the e lec t romagne t i c   t h rus t   mode l .   P rec i se  
c o r r e l a t i o n  is  d i f f i c u l t   b e c a u s e  of inadequate  knowledge of 
the   var ious   power  loss nechanisn;,? a c t i n g   i n   t h e   d i s c h a r g e .  
Spec i f i ca l ly ,   t he   measu red   vo l t age  m u s t  reflect  n o t   o n l y   t h e  
e l e c t r o m a g n e t i c   a c c e l e r a t i o n  process, b u t  a lso t h e   e n e r g y   t r a n s -  
f e r  t o  t h c  electrode s u r f a c e s   v i a   t h e i r   r e s p e c t i v e   f a l l s ,   a n d  
t h e   e l e c t r o t h e r m a l   d e p o s i t i o n   i n t o   t h e  gas stream v i a   j o u l e  
h e & t i n g  i n  t h e  bDdy of t h e   d i s c h a r g e ,  i . e . ,  

v = v  + v  + v  + V t  b a C 

where Vb = elcctromaqretic t h r u s t  power - 
d i s c h a r g e   c u r r e n t  

- 

T2 p 2J3 
2 

- = -  'I% 321T2h 
awer t o  anode 'a = d i E c h a r g e   c u r r e n t  

- L o w e r  t o  cathode ' c  - d i s c h a r g e   c u r r e n t  

(3-2) 

(3-3)  
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Vt - - e l e c t r o t h e r m a l  power t o  q a s  
d i s c h a r g e   c u r r e n t  (3-6) 

T h e  magnitudes of Va, Vc, and Vt, and   the i r   depend-  
ence  on ; and J are p o o r l y  known. It seems re i r sonab le   t ha t  
V should  be s l i g h t l y   h i g h e r   t h a n   t h e  work f u n c t i o n  of tung- 
s t e n ,  say -W 5 v o l t s ,  a v a l u e   r o n s i s t e n t   w i t h  e lectr ic  probe 
s t u d i e s  of similar dischardJ.-ic, i n  t h i s   l a b o r a t o r y   ( c f .   S c c .  V I ) .  
These same s t u d i e s   i n d i c a t e   a n o d e   f a l l s   i n  Llle v i c i n i t y   o f  
1 5   v o l t s  u p  t o  c u r r e n t s  of 300 kA. The  depende.lcn of Va and 
Vc on k and 3, a l t h o u g h   n o t   y e t   s t u d i e d   i n  de t a i l ,  appca r s  
t o  be weak. 

C 

The e l e c t r o t h e r m a l  power input   encompasses   the   ion i -  
z a t i o n  of t h e  flaw, and a l l  i n t e r n a l   e x c i t a t i o n ,  random 
t h e r m a l ,   a n d   r a d i a t i o n  processes which   a t tend  it. Some o f  
t h i s   i n p u t  may be recovered  as u s e f u l   t h r u s t  by electro-’ 
t h e r m a l   c o n v e r s i o n   i n   t h e   e x h a u s t  plume  and the   r ema inde r  
c o n s t i t u t e s  a f r o z e n  f l o w  loss; t h e   d i s t i n c t i o n  is  i n m a t e r i a l  
so f a r  as t h e   c o n t r i b u t i o n   t o   t h e   t e r m i n a l   v o l t a u e  is  con- 
cernpd. It is cammon p r a c t i c e   i n   e s t i m a t i n g   t h e  electro- 
t h e r m a l   v o l t a g e  t o  assume t h a t   t h e   i o n i z a t i o n   p o t e n t i a l   e f -  
f e c t i v e l y  limits t h e   t e m p e r a t u r e  of 
in t h e  plasma, and  even t o  make t h e  
sole s i g n i f i c a n t   e n e r g y   s i n k  is the 
i n c o m i n g   p a r t i c l e :  

t h e   p a r t i c u l a t e   s p e c i e s  
a p p r o x i m a t i o n   t h a t   t h e  
s i n g l e   i o r l i z a t i o n   o f   e a c h  

4 3-7) 

where M is  t h e  atomic mass, e t h e   e l e c t r o n i c   c h a r g e ,   a n d  
the first  i o n i z a t i o n  potent ia l .  A second  approximation t o  
this a p p r o a c h   i n s e r t s  a c o n s t a n t   f a c t o r  to c o v e r   t h e   e x c i t a -  
t i o n ,  r a d i a t i o n ,  and random “ h e m a l  modes t h a t  accor.,pany t h i s  
i o n i z a t i o n   l e v e l .  The   s ign i . f ican t   e lement  i n  e i t h e r   f o r m u l a -  
t i o n  is t h e   l i n e a r   c o u p l i n g  of Vt t o  t h e  mass f l o w ,  and t h i s  
f e a t u r e  is c l e a r l y   d e n i e d  by t h e  t o t a l  v o l t a g e   d a t a  o f  t h i s  
experiment . 
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F i g u r e  23 shows thc e x p e r i m e n t a l   d a t a   f o r  J = 17.5 kA 
compared t o  c a l c u l a t e d   v a l u e s   o f  Vb, c o r r e c t o d  by V + V = 20 
volts. T h e   d i f f e r e n c e  c u r v e ,  which m u s t  be Vt, r a t h e r   t h a n  
i n c r e a s i n g   l i n e a r l y  w i t h  R:, r eaches  a cons tan t   a sympto te ,  
i m p l y i n g   n o   f u r t h e r   t h e r m a l   i n p u t   r e g a r d l e s s  of t h e   i n c r e a s e  
in m a s s  f l u x .  Similar behavior  is found a t  a l l  o t h e r   c u r r e n t s  
s t u d i e d ,  w i t h  V i n c r e a s i n g   l i n e a r l y   w i t h  c u r r e n t  a t  a s l o p e  
of 4 . 5  Volts jkA,  i.e., i n  t h i s  domain the   p l a sma   has  become 
ohmic, w i t h  a f i x e d   r e s i s t a n c e  of 0.0045 ohm. 

a C 

. A 

Vt 

/c 

t 

I C u r r e n t  Dcr:sity D i s t r i b u t i o n  

Enclosed  c u r r e n t  c o n t o u r s   i n   t h e   e x h a u s t  plume  arlu 
d i s c h a r g e   c h a m b e r   a r e  mapped wi th   s t anda rd   magne t i c   p robes   o f  

. tf38 Formvar xire,  o r i e n t e d  i n  t h e  r , z  p l a n e .   T h e i r   i n t e g r a t e d  
s i g n a t u r e s   p r e s e n t   l o c a l  time h i s t o r i e s  of t h e  az imutha l  mag- 
n e t i c   f i e l d :  cross p l o t t i n g  t h e n  y i e l . d s   t h e   s p a t i a l   d i s t r i b u -  
tion o f   t h e   f i e l d  a t  any  given time, which,  presuming  azimuthal 
symmetry, i s  d i r e c t l y   p r o p x t i o n a l  t o  t h e   f r a c t i o n  of t h e  d i s -  
c h a r g e  c u r r e n t  enc losed  by  a c i rc le  a t  t h e   g i v e n   r a d i u s .  In 
o p e r a t i o n ,   f o u r   p r o b e s ,  mounted  on a movable c a r r i a g e   w i t h i n  
t h e  e x h a u s t   t a n k ,  are pos i t i oned   r cmote ly   be tween   each   o f  a 
s e q u e n c e   o f   d i s c h a r g e s   t o   a c c u m u l a t e   t h e  n e c e s s a r y  ma t r ix   o f  
data. F i g u r e  24 d i s p l a y s  a t y p i c a l  map o f   t h e   e n c l o s e d  cu r -  
r e n t   c o n t o u r s   i n  t h e  cha1nbc.r and   near -exhaus t   for  a quas i -  
s t e a d y   c o n d i t i o n .   A l t h o u g h   a l l  of t h e   s t a b i l i z e d  c u r r e n t  d i s -  
t r i b u t i o n s  closely re semble   t ha t  shown i n   F i g .  24 a f e w  char -  
acterist ic t e n d e n c i e s  arc n o t e d .   F i r s t ,   f o r   c o n d i t i o n s   o f  
mass o v e r f e e d ,   r e g a r d l e s s  of t h e   l e v e l  of c u r r e n t  o r  mass flow 
rate i n d i v i d u a l l y ,   g i v e n   c o n t o u r s  are w i t h d r a w n   s l i g h t l y  up- 
stream i n t o  the  chamber;  for mass s t a r v a t i o n ,   t h e   c o n t o u r s  
are s l i g h t l y  mare extended  downstream  intc  the  plume.  Second, 
no more t h a n  50 p e r c e n t  of t h e   t o t a l  c u r r e n t  e v e r  p r o j e c t s  
o u t s i d e   t h e   o r i f i c e :   e x c e p t   f o r   s t a r v a t i o n  cases, only   about  
25 percent e x t e n d s  o u t  t h e   o r i f i c e .  I n  a l l  quas i - s teady   con-  
d i t i o n s ,  no s i g n i f i c a n t  amollnt o f   c u r r e n t   e x t e n d s   f a r t h e r   t h a n  
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o n e   o r i f i c e   d i a m e t e r   o u t s i d e  of t h e   o r i f i c e ,   e i t h e r   r a d i a l l y  
or a x i a l l y .   T h i r d ,   t h e   b u l k  of t h e   c u r r e n t  does no t   co in -  
c i d e  w i t h   t h e   l u m i n o s i t y   p a t t e l n s ,   s w h  as tnosa shown i n  
F i g .  20 .  T h i s  is i n   c o n t r a s t  t o  most pu l se?  plasma accel- 
erators where   the   luminos i ty   p rovides  a very  yood i n d i c a t i o n  
Of t h e  maximum c u r r e n t   d e n s i t y   l o c a t i o n .   F o u r t h ,   i n  211 
cases s t u d i e d ,   t h e   c u r r e n t   a t t a c h m e n t   o n   t h e   c a t h o d e  com- 
p l e t e l y   c o v e r s   t h e  surface, i.e., t h e   e f f e c t i v e   r a d i u s  of 
a t t achmen t   fo r   pu rposes  of relat ion(3-1)  i s  t h e  maximum m a -  
t e z i a l  r ad ius .   F ina l . l y ,   fo r  a l l  cases of  normal mass flow 
or mass o v e r f e e d ,   t h e   c u r r e n t   d i s t r i b u t i o n   o n   t h e   c a t h o d e  
i s  approximately  uniform; for c o n d i t i o n s  of mass s t a r v a t i o n ,  
t h i s   d i s t r i b u t i o n  becomes more peaked toward the   ca thode  t i p .  
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IV. ENERGY TRANSFER FROM A PULSE NETWORK 
. TO A PROPAGATING CURRENT SHEET (Wilbur) 
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T h e  purpose of t h i s   s t u d y  is t o  ident i fy   and  examine 
cer ta in  factors a f f e c t i n g   t h e   e f f i c i e n c y   o f   c o n v e r s i o n  of 
electrical ens rgy  i n t o  t h r u s t   e n e r g y   f o r  a pu l sed  plasma ac- 
celerator. W i t h i n   t h e  scope of t h i s   i n v e s t i g a t i o n ,   n o  attempt 
has   been  made t o  d e a l  wi th  real is t ic  space hardware, or t o  
o p t i m i z e   o v e r a l l   s y s t e m   p e r f o r m a n c e .   R a t h e r   t h e   e f f o r t   h a s  
been conf ined  t o  matching a p a r t i c u l a r l y  simple and w e l l  
u n d e r s t o o d   a c c e l e r a t i n g   d i s c h a r g e ,   t h e   l a r g e   r a d i u s   l i n e a r  
p inch ,   w i th  a p u l s e  power source   o f   conven ien t ly   va r i ab1 .e  
c h a r a c t e r i s t i c s ,  i n  t h i s  case a lumped element,  l o w  impedance 
p u l s e  l i n e .  

I n  most conven t iona l  power systems,  optimum  energy 
t r a n s f e r   e f f i c i e n c y  i s  achieved when t h e  impedance of t h e  
load is  e q u a l  t o  t h a t   o f   t h e  power source.   For  example,  con- 
sider t h e   t r a n s f e r  of energy  from  an ideal  t r a n s m i s s i o n  l i n e ,  
i n i t i a l l y   c h a r g e d  t o  a v o l t a g e  Vo, t o  a r e s i s t a n c e   c o n n e c t e d  
across i t s  t e r m i n a l s .  The t r a n s m i s s i o n   l i n e  may be charac-  
t e r i z e d  by  an  impedance ZL = v m ,  and a p u l s e   d u r a t i o n  
r= 21/LT, where L' is  t h e   i n d u c t a n c e  per un i t   l ang th   and  

C'  the  capac i t ance   pe r   un i t   l eng i th   o f  a l i n e   o f  t o t a l  l e n g t h  
I .  T h e   q u a l i t a t i v e   b e h a v i o r  cf t h e   c u r r e n t   t h r o u g h   a n d   v o l t -  
a g e  across t h e  resistor is  shrmn i n   F i g . 2 5   f o r   t h r e e   r e l a t i v e  
m a g n i t u d e s   o f   r e s i s t a n c e   a n d   c h a r a c t e r i s t i c  l i n e  impedance. 
For ZL > R, c u r r e n t  oscil lates back  and for th  through the 
load, a n d   s e v e r a l   c h a r a c t e r i s t i c  times are r e q u i r e d  t o  ach ieve  
s u b s t a n t i a l  e n e r g y   t r a n s f e r  t o  t h e   l o a d .  For ZL 4 R, charge  
is on ly   i ncomple t e ly  removed from the  l i n e  i n  t h e   f i r s t   p u l s e  
inc remen t ,   and   s eve ra l   add i t iona l  wave r e f l e c t i o n s  from t h e  
l i n e  t e r m i n a l s  are needed t o  complete the e n e r g y   t r a n s f e r .  
Only i n  the matched case, ZL R, is a l l  of the  energy i n i -  
t i a l l y  stored i n   t h e   t r a n s m i s s i o n  l i n e  t r a n s f e r r e d  t o  t h e  
resistor i n  one p u l s e  time t. 
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I f   t h e  simple r e s i s t i v e  1.oad is  replaced by a pu l sed  
plasma a c c e l e r a t o r ,   o n e   m i g h t   s i m i l a r l y  exp;.ct o p t i m u m  energy  
t r a n s f e r  when  ",he discharge  impedance is  e q u a l  t o  t h e   d r i v i n g  
l i n e  impedance,  provided a lso t h a t   t h e   p u l s e   d u r a t i o n  is prop- 
e r l y  matched t o  some c h a r a c t e r i s t i c   a c c e l e r a t i o n  time. How- 
ever, t h e  impedance implicit i n  the  dynamical   development  of a 
g a s - a c c e l e r a t i n g   d i s c h a r g e  i s  no t   adequa te ly   r ep resen ted   by  
a n   e q u i v a l e n t   r e s i s t a n c e ,   a n d   t h i s   c o m p l i c a t i o n   r e f l e s ? t s  it- 
self  i n t o   s u b s t a n t i a l   d i s t o r t i o n  of t h e  simple impedance- 
m a t c h   c r i t e r i o n .  

T h e o r e t i c a l   A n a l y s i s  

The dynamics of the   cu rxen t   shee t   mo t ion   can   be  most 
s imply   descr ibed   by  a "snowplow" r e l a t i o n   w h i c h   e x p r e s s e s  a 

ba lance   be tween   t he  j x body  force  and  the time rate  of 
A 

I 
! change of momentum a s s o c i a t e d   w i t h  the accumulation  and accel- 
1 

i 
e r a t i o n  of mass on t h e   c u r r e n t   s h e e t .   F o r  example, t h e  

i e q u a t i o n   i n   l i n e a r   p i n c h   g e o m e t r y   t a k e s   t h e  form 

where )lo i s  t h e   p e r m e a b i l i t y  of iree space, I is the t o t a l  cu r -  
r e n t   f l o w i n g   t h r o u g h  the discharge  chamber,   and e is t h e  a m -  
b i e n t  gas d e n s i t y   i n   t h e   d i s c h a r g e  chamber of r a d i u s  rl. The 
rad ius  of t h e   c y l i n d r i c a l   c u t r e n t   s h e e t ,  r ,  through  which I 

i s  assumed t o  flow, a lso d e f i n e s   a n   i n d u c t a n c e   o f   t h e   d i s -  
c h a r g e   t h r o u g h   t h e   r e l a t i o n  

The   vo l t age  drop 

LD 

across 

I % +  

the  d i scha rge  is  given  by: 

d a =  f % +dt, (I LD) d t  

(4-2) 

(4-3) 
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where is the  resistance of the  discharge, 4 is the  mag- 
netic f l u x  linked  by  tho  disrharqe,  and LD is  the  inductance 
defined by Eq. (4-2) .  

In these  experiments  the  circuit also contains  a  switch, 
which to a good  approximation  may  be  represented as; a  fixed re- 
sistance and  inductance, Rs and Ls. The  switch and  discharge 
chamber comprise  the  total  load  driven by the  pulse  line, and 
the voltage  across  this  load  may  therefore be written: 

vT = (% i Rs) I + Ls + -& (LD I) (4-4; 

The pulse  line  power  source  may  be  described by  Kirchoff's 
equations applied  to  each  loop  and  node  in  the  pulse  network 
(Fig. 2 6 ) .  

dQ1 I1 - I - =  dt 

and 

wh 

- d1 VT - Q,/C 
dt 

I 
L 

df 
dt 
2 O i + l  - Qi 1 

LC 

. 

(n  equations) (4-5) 

(n equations) (4-6) 

ere Qi represents  the  electrical  charge on the  ith  capacitor. 

, 

. ., 
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This n s t a t i o n  LC ladder network may also be desc r ibe?   by  a 
nominal l i n e  impedancc  and a pu l se   f i u ra t ion   co r re spond ing  t o  
t h o s e   g i v e n  for  t h e   i d e a l   t r a 3 s m i s s i o n   l i n e ,  i.e., 2 = 

and . t= 2n a. L 

Equa t ions  (4-1), (4- 21, , (4 -d) ,  (4-5) and (4-6) are 2n f 3 
e q u a t i o n s   i n  2n + 3 d e p e n d e n t   v a r i a b l e s   ( n   p u l s e   l i n e  cuc -  
r e n t s ,  ;? pulse  l i n e   c a p a c i t o r   c h a r g e s ,  VT, r, and Lo) and 
t h e   i n d e p e n d e n t   v a r i a b l e  L i m e  wh ich   desc r ibe   t he   behav io r  c b f  

t h e   p i n c h   d i s c h a r g e - p u l s e   i i n e   s y s t e m .  They  have  been  solved 
h e r e  on t h e   d i g i t a l  computer us ing  a Runcje-fi t ta  technique. 
F igu re  27 shows cur ren t   and   vo l tage   waveforms  and   the   cur ren t  
s h e e t  t ra jectorv C"tpUted f o r  a set o f   i n p u t  paramct ers typ- 
i c a l  of t h o s e   p r e v a i l i n g   i n   t h e   e x p e r i m e n t s .   F i g u r e  27a shows 
t h e  t o t a l  cu r ren t   f l cwing   t h rough   t he   swi t ch   and   p inch   chan-  
ber as a f u n c t i o n  of time, compared w i t h   t h a t   f o r   a n   i 4 e a l  
p u l s e   l i n e   d i s c h a r g e d   t l x o u g h  a matched  res is tance.   The t i m e  
t shown on a l l  of t h e   o r d i n a t e s  of Fig. 27 is  t h e   c h a r a c -  e.i 

t e r i s t ic  t i m e  over which t h e  acceleratioc o f   t h e   c u r r e n t   s h e e t  
o c c u r s .   I n   a n   a c t u a l   t h r u s t e r  ? wzuid be t h e  time o f  ejec- 
t i o n   o f   t h e  plasma, de t e rmined   by   t he   l eng th  0 2  t h e  t h r u s t e r ,  
b u t  fo r  the  c losed  chamber   geometry  considered  here   the plaslna 
i s  ccns ide red   " e j ec t ed"  when t h e   s h e e t   r e a c h e s  a 1-in. radii;=. 

One i n c h  w a s  s e l ec t ed   because   accu ra t e   expe r imen ta l   i nves t i -  
g a t i o n  i s  d i f f i c u l t  at lesser r a d i i  and   ye t  the a c c e l e r a t i o n  
process should  be al lowed t o  occur   ove r  as l a r g e  a d i s t d n c e  
as possible i n  order t o  p r e v e n t   t h e   i n i t i a t i o n  effect.s from 
domina t ing   t he   behav io r  of the   sys tem.   F igure  2% shows t h e  
v o l t a g e  across t h e   e n d  of t h e  palse l i n e  ! i . e . ,  across t h e  
switch  and  discharqe  chamber)  as a f u n c t i o n  of  time compared 
with  tne  corresponding  matched  impedance  voltage  waveform for 
a p u r e l y   r e s i s t i v e  load. 

e j  

T h e   e v i d e n t   d i s t o r t i o n s  of t h e   c u r r e n t  and v o l t a g e  
waveforms from the idealized case can  be as s igned  t:, t h e  
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fo l lowing  causes: 

1. The i n i t i a l   i n d u c t a n c e   a s s o c i a t e d   w i t h   t h e   s w i t c h  
a n d   d i s c h a r g e   c o n f i g u r a t i o n   c o n s t r a i n s   t h e  cu r ren t  t o  a 
f i n i t e  r ise time. 

2. Unl ike   t he   cons t an t   r e s i s t i ve   l oad ,   t he   impedance  
o f   t h e   d i s c h a r g e  varies w i t h  time. An e x p r e s s i o n   f o r   t h i s  
d i scharge   impedance   can   be   ob ta ined   by   d iv id ing   the   vo l tage  
developed   across   the   d i scharge   chamber  [Eq. (4-3) by t h e  t o t a l  
c u r r e n t  f lowing   th rough  the   d i scharge .  

- 'CH dLD ZD-" I - % + - + - -  d t  LD d I  I d t  (4-7 1 

S i n c e  the   p l a sma   r e s i s t ance  is  sma l l   and   t he   cu r ren t   pu l se s  
are n e a r l y   f l a t t o p p e d ,   t h e   s e c o n d  term domina te s   t h i s   exp res -  
s ion ,   y ie ld ing ,   f rom Eq.  (4-2, , 

d L ~  Poh d r  
z D = = : - = - -  d t  2Kr d t  

T h e   c u r r e n t   s h e e t   t r a j e c t o r y  of Fig.  27c shows a n   i n c r e a s i n g  
v e l o c i t y   w i t h   d e c r e a s i n g   r a d i u s ,   b o t h  of w h i c h   c o n t r i b u t e   t o  
a n  impedance t h a t   i n c r e a s e s   w i t . h  time. T h i s   e f f e c t   c a u s e s  
t h e   v o l t a g e   t o  rise a n d   c u r r e n t   t o   d r o p   o n c e   t h e   i n i t i a l  rise 
time has   e lapsed .  

3. Since the   i nduc tance   o f   t he   d i scha rge ,   wh ich  is 
small i n i t i a l l y ,   i n c r e a s e s   t o  a r e l a t i v e l y   l a r g e   v a l u e  as t h e  
d i scha rge   p roceeds ,  a cons ide rab le  amount of  energy is s t o r e d  
i n  t h e   m a g n e t i c   f i e l d  of t h e   d i s c h a r g e   a t   t h e  time t h e   p u l s e  
b e g i n s   t o   d e c a y .   T h i s   c a u s e s   t h e   c u r r e n t   t o   c o n t i n u e   t o   f l o w  
after t h e   v o l t a g e   a x o s s   t h e   d i s c h a r g e  chamber r e v e r s e s .   I f  
t h e   c h a r a c t e r i s t i c   e j e c t i o n  time, rej, is long  compared t o  
t h e   p u l s e   l e n g t h ,  t, t h e   e n e r g y   s t o r e d  i n  t h i s   f i e l d  w i l l  be 
t r a n s f e r r e d ,  i n  p a r t  a t  least, b a c k   i n t o   t h e   p u l s e   n e t w o r k  
and w i l l  l a te r  produce a n e g a t i v e   c u r r e n t   t h r o u g h   t h e   d i s -  
charge  chamber. Even under   condi t ions   where   the   average  
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impedance of t h e   d i s c h a r g e  is  much g r e a t e r   t h a n   t h a t   o f   t h e  
l i n e ,   t h e   n e g a t i v e   c u r r e n t  i s  observed .   In   such  cases t h e  
c u r r e z t   p u l s e  is  p r o t r a c t e d   f a r  beyond t h e   p u l s e   d u r a t i o n  
t ime,  ? somewhat r emin i scen t   o f   t he   s t epwise   decay  of t h e  
overdamped r e s i s t i v e   l o a d   ( F i g .   2 5 b ) ,   b u t  t h e  l a r g e   i n d u c t i v e  
e f f e c t s   e v e n t u a l l y   f o r c e   s u f f i c i e n t   n e g a t i v e   v o l t a g e   o n t o  

t h e   p u l s e   l i n e  t o  c a u s e   t h e  c u r r e n t  r e v e r s a l .  

The a n a l y s i s   u s e d   t o   o b t a i n   t h e   c u r r e n t   a n d   v o l t a g e  
a l s o   y i e l d s   t h e   d i s t r i b u t i o n   o f   e n e r g y   i n   t h e   p u l s e   n e t w o r k ,  
switch,   and  discharge  chamber.   This  energy may appear  i n  
the   fo l lowing   forms  : 

1. Energy   s to red   capac i t i ve ly  i n  t h e  elec- 
tr ic f i e l d s  and i n d u c t i v e l y   i n   t h e   m a g n e t i c   f i e l d s  
of the   pu lse   ne twork .  

2. Energy   s to red   i nduc t ive ly   i n   t he   magne t i c  
f i e l d   a s s o c i a t e d   w i t h   t h e   s w i t c h   d i s c h a r g e .  

3 .  Energy   s to red   i nduc t ive ly   i n   t he   magne t i c  
f i e l d  of t h e  main  discharge.  

4. K i n e t i c   e n e r g y   o f   t h e  mass accumulated 3n 
t h e   p r o p a g a t i n g   c u r r e n t   s h e e t .   I n   t h e   s p i r i t   o f   t h i s  
s tudy ,  it is  t h i s   o r g a n i z - d  s t r e a m i : I c :  mot ion  of   the 
p r o p e l l a n t  mass w h i c h   r e p r e s e n t s   t h e   t h r u s t   e n e r g y  of 
t h e  accelerator, and is t h e  component t o  be opt imized.  

5. E n e r g y   i n v e s t e d   i n   i o n i z a t i o n ,   d i s s o c i a t i o n ,  
e x c i t a t i o n ,   a n d  random thermal  modes of   the   p lasm&.  
E n e r g y   i n p u t   o f   t h i s   c a t e g o r y   c a n   e n t e r   t h e   t h e o r e t i c a l  
model v i a   t h e   f o l l o w i n g  two  mechanisms: (a) t h e  resis- 
t i v e   h e a t i n g   i n p u t   d u e   t o   t h e  plasma r e s i s t a n c e  i$,# and 
(b) the  gasdynamic loss associated w i t h   a c c e l e r a t i o n   o f  
particles i n i t i a l l y  a t  rest to t h e   c u r r e n t   s h e e t   v e l o c -  
i ty  as a r e s u l t  of c o l l i s i o n s   w i t h   p a r t i c l e s   a l r e a d y  
c o l l e c t e d .   T h i s  loss, which is requ i r ed  t o  s a t i s f y  
e n e r g y   c o n s e r v a t i o n   u n d e r   t h e   c o n s t r a i n t  Of momentum 
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c o n s e r v a t i o n  as e x p r e s s e d   b y   t h e  snowplow equa t ion ,  
is d i s c u s s e d  i n  Ref. 22. 

6 .  T h e r m a l   e n e r g y   d e p o s i t i o n   i n   t h e   s w i t c h  
plasma. 

Although it is q u i t e   p o s s i b l e   t h a t   t h e r m a l   e n e r g y   i n  
a n  accelerated plasma may be c o n v e r t e d   i n t o   t h r u s t   e n e r g y   b y  
a s u i t a b l e   e x h a u s t   c o n f i g u r a t i o n ,   t h e   e f f i c i e n c y  of t h e  
pulsed  plasma accelerator is d e f i n e d   c o n s e r v a t i v e l y   h e r e  as 
t h e  r a t i o  o f   t h e   o r g a n i z e d   k i n e t i c   e n e r g y   m e a s u r e d  a t  t h e  
c h a r a c t e r i s t i c  tlme, mej, t o  t h e   i n i t i a l   e n e r g y   s t o r e d   i n  i 
t h e   p u l s e   l i n e ,  Eo. The e f f i c i e n c y  so d e f i n e d  is  found t o  
be a f u n c t i o n  of both   the   re la t ive   impedance   match   be tween 1 
t h e   l i n e   a n d   t h e   l o a d ,   a n d  of t h e   r e l a t i v e   m a g n i t u d e s   o f   t h e  

3 

p u l s e   d u r a t i o n  r and t h e   e j e c t i o n  time 
v a r i a t i o n  of t h e   p u l s e   d u r a t i o n   b y   c h z n g i n g   t h e  number o f  
s t a t i o n s   i n   t h e   p u l s e   l i n e   w h i l e   h c l d i n g   t h e   l i n e   i m p e d a n c e  I 

c o n s t a n t  (ZL = 11.3 mSI) r e s u l t s   i n   t h e   e f f i c i e n c y   c u r v e  shown 
i n  Fig. 28.  The q u a n t i t y  Zo shown as  a parameter  i s  an   ave rage  ! 
d i scha rge   impedance   ca l cu la t ed   u s ing  Eq. (4-8) and   t he   shee t   ve -  
l o c i t y  a t  midradius .  The time averayc: of   the  impedance is i 
a p p r o x i m a t e l y   e q u a l   t o   t h e   i m p e d a n c e  tlt t h i s  r a d i u s ,   e x c e p t  

p 

for v e r y   s h o r t   p u l s e   d u r a t i o n s ,  t / r  . 0 .58  which are ou t -  
s i d e   t h e   r a n g e  of primary i n t e r e s t .  1 

1 
! : 

fi 
f j. For example, 

f 
? 

I 

I 

i 
e1 

F o r   c u r r e n t   p u l s e   l e n g t h s   s u b s t a n t i a l l y  less t h a n  t h e  i 
optimum v a l u e  of Fig. 23 t h e   m a g n i t u d e   o f   t h e   c u r r e n t  i s  less 
t h a n   t h e  maximum va lue   ove r  a l a r g e   f r a c t i o n  of t h e  accelera- 
t i o n  time and  hence the c u r r e n t   s h e e t  accelerates less v igor -  I 
ous ly   and  a p r o p o r t i o n a t e l y  smaller f r a c t i o n  of t h e   i n i t i a l  1 %  
l i n e   e n e r g y  i s  t r a n s f e r r e d   i n t o   k i n e t i c   e n e r g y  of t h e   s h e e t .  j ;  

As t h e   p u l s e   l e n g t h  is i n c r e a s e d   t h e   c u r r e n t   r e m a i n s   h i g h   f o r  
a larger f r a c t i o n  of t h e   a c c e l e r a t i o n  time a n d   t h e   c u r r e n t  
s h e e t   a c q u i r e s  a l a r g e r   f r a c t i o n  of t h e   i n i t i a l   e n e r g y .   I n -  ( 

creases i n  pu l se   l eng th   beyond   t he  optimum v a l u e  r e s u l t  i n  a 
decrease i n   e f f i c i e n c y   b e c a u s e  a c o n s i d e r a b l e   f r a c t i o n  of t h e  1 :  
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i n i t i a l   l i n e   e n e r g y   r e m a i n s   i n   t h e   p u l s e   l i n e   a n d   i n  mag- 
n e t i c   f i e l d s   a s s o c i a t e d   w i t h   t h e   s w i t c h   a n d   t h e   d i s c h a r g e  
a t  fej. 

F o r   v e r y   s h o r t   p u l s e   l e n g t h s ,   t h e   c u r r e n t   w a v e f o r m  
may go t h rough  t w o  or more h a l f   c y c l e s   b e f o r e  5 j, a n d   t h e  
e f f i c i e n c y  w i l l  go through  cor responding  local maxima and 
minima. T h i s   a n a l y s i s  is not   extended t o  t h e   v e r y   s h o r t  
p u l s e s   p r o d u c i n g   t h e s e   s u b s e q u e n t  maxima because   the   theo-  
retical model u s e d   h e r e  is known t o  b reak  down when c u r r e n t  
r e v e r s a l   o c c u r s   b e c a u s e   o f   t h e   g e n e r a t i o n   o f   s e c o n d a r y   c u r -  
r e n t   s h e e t  s .  

I f   o n e  allows b o t h   t h e   p u l s e   l e n g t h   a n d   t h e   c h a r a c -  
t e r i s t ic  impedance of t h e   p u l s e   l i n e  t o  vary,  a series o f  
c u r v e s  similar t o  Fig.  28 is ob ta ined .  A t y p i c a l  set af such 
c u r v e s  i s  shown i n   F i g .  29 from  which t h e  optimum pulse 
l e n g t h  i s  s e e n  t o  decrease as t h e   c h a r a c t e r i s t i c   i m p e d a n c e  
does. Of p r i m a r y   i n t e r e s t ,  however, i s  t h e   l o c u s   o f   t h e  
maxima o f   t h e  se t  o f   c u r v e s ,  shown i n  Fig. 30 as a f u n c t i o n  
of the d r i v i n g  line impedance. Also p lo t t ed   fo r   compar i son  
is  the e f f i c i e n c y  of e n e r g y   t r a n s f e r  from a t r a n s m i s s i o n   l i n e  
to a p u r e   r e s i s t a n c e   w i t h i n  a time e q u a l   t o   t h e   p u l s e   d u r a t i o n  
of the l i n e .  

N o t e  t h a t   w h i l e   t h e  maximurn e f f i c i e n c y   f o r   t h e  resis- 
t i v e   l o a d  i s  ach ieved  when t h e  impedance of t h e   l i n e  i s  e q u a l  
to the resistance o f   t h e  load, t h e   e f f i c i e n c y   o f   t r a n s f e r  t o  
t h e   p i n c h   d i s c h a r g e  load shows  no  such maximum as a f u n c t i o n  
of d r i v i n g   l i n e  impedance.  Rather  there i s  a monotonic  in- 
crease of e f f i c i e n c y   w i t h   r e d u c t i o n  of ZL. T h i s  effect  is 
a t t r i b u t a b l e  t o  t h e  more v i c p r o u s l y   a c c e l e r a t i n g   c u r r e n t  
sheets produced by t h e  lower impedance, h i g h e r   c u r r e n t   s o u r c e s .  
Rapidly a c c e l e r a t i n g   s h e e t s  are known t o  s u s t a i n  less energy  
loss to t h e r m a l  modes as a result of  gasdynamic effects [ 2 2 ]  

and this g a i n  more t h a n   b a l a n c e s   t h e  electrical  i n e f f i c i e n c y  
associated w i t h   t h e   i n c r e a s i n g  impedance  mismatch.  The l a r g e  
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d i f f e r e n c e   i n  magnit.ude  of  the t w o  curves   o f   F ig .  30 is 
d u e   p r i m a r i l y  t o  t h e  method of d e f i n i n g   e f f i c i e n c y   f o r   t h e  
accelerator, and maybe somewhat mis leading .  Much o f   t h e  
energy n o t   t r a n s f e r r e d  t o  d i r e c t e d   k i n e t i c   m o t i o n  of t h e  
plasma has b e e n   d e p o s i t e d   i n  it in   t he rma l   fo rm so t h a t ,  i n  
t h i s   s e n s e ,  a major p o r t i o n  of t h e   i n i t i a l   l i n e   e n e r g y   h a s  
indeed b e e n   d e l i v e r e d  t o  the   " load . "  I n  a d d i t i o n ,   n o   e f f o r t  
h a s   b e e n  made h e r e  t o  o p t i m i z e   t h e   e f f i c i e n c y   t h r o u g h  selec- 
t i o n  of t h e   d i s c h a r g e   a n d   s w i t c h   c h a r a c t s r i s t i c s ;   r a t h e r   t h e  
c a l c u l a t i o n s   p r e s e n t e d  are t h o s e   c o r r e s p o n d i n g  t o  t h e  e x p e r i -  
mental c o n d i t i o n s   e n c o u n t e r e d   i n   t h e   l a b o r a t o r y   e q u i p m e n t .  
I n  t h i s  equipment   the losses i n   t h e   s w i t c h  are q u i t e   l a r g e ,  
a n d   t h e y  a c c o u n t  f o r  a s i g n i f i c a n t   r e d u c t i o n   i n   t h e   m a g n i t u d e  
of t h c   e f f i c i e n c y .  

i 

f 

In o r d e r   t o   v e r i f y   t h e   m a t h e m a t i c a l   d e s c r i p t i o n   a n d  
c h a r a c t e r i s t i c   p r o p e r t i e s  of t h e   p u l s e   l i n e   w i t h o u t   t h e  com- 
p l i c a t i o n  of t h e   p i n c h   d i s c h a r g e ,   t y p i c a l   p u l s e   l i n e   c o n f i g -  
u r a t i o n s  were d i scha rged   t h rough  a r e s i s t o r   c a p a b l e  of wi th-  
s t a n d i n g   t h e   h i g h   c u r r e n t s   a n d   v o l t a g e s   p r o d u c e d  when such a 
l i ne  is discharged  f rom 10 kV. The  mathematical rnodcl des- 
cribed in t h e   p r e c e d i n g  section w a s  modified by s u b s t i t u t i n s 3  
a r e s i s t a n c e   a n d  fixed i n d u c t a n c e   f o r   t h e   e q u a t i o n s   d e s c r i b i n g  
t h e   d y n a m i c s   o f   t h e   d i s c h a r g e .  The e x t e n t  of the   agreement  
betweon the   ma themat i ca l   mode l   and   t he   ac tua l   pu l se  l i n e  is 
shown in Fig. 31. The waveforms d i f f e r  f rom  those of t h e  
ideal resistor d i s c h a r g i n g  a t r a n s m i s s i o n  l i n e  (Fig.  25c) 
first b e c a u s e   t h i s   l i n e   h a s  lumped e l e m e n t s ,   r a t h e r   t h a n  
d i s t r i b u t e d  parameters, and second because t h e   i n c l u d e d   i n -  
ductance a s s o c i a t e d   w i t h   t h e  resistor a n d   s w i t c h   r e s t r a i n   t h e  
rate of r ise  and  decay of t h e   c u r r e n t  a t  the   beg inn ing   and  
end of the pulse .  

The measured  capaci tance  and  inductance of t h e   a v e r a g e  

.i 
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u n i t   u s e d   i n   t h e s e   e x p e r i m e n t s  are 6.35 2 0.05 mic ro fa rads  
and 7.5 Ifi 0.4 nanohenries.   They are des igned  t o  permit l o w  
i n d u c t a n c e   c o n n e c t i o n   o f   a d j a c e n t   u n i t s   t h e r e b y   f a c i l i t a t i n g  
v a r i a t . i o n   o f   t h e   p u l s e   d u r a t i o n   a n d   t h e   c h a r a c t e r i s t i c   l i n e  
impedance .   Pulse   dura t ion  is va r i ed   by   chang ing   t he  number 
of s t a t i o n s   i n  a l i n e  of c a p a c i t o r s  (i.e., t h e  number of 
u n i t s   c o n n e c t e d   i n  tandem) - Line  impedance is  vaxied  by . 

chang ing   t he  number o f   t h e s e   l i n e s   c o n n e c t e d   i n   p a r a l l e l  a- 
c r o s s   t h e   d i s c h a r g e  chamber. F igu re  32 shows a t y p i c a l  zon- 
f i g u r a t i o n   w i t h   1 2   o f   t h e   u n i t s   a r r a n g e d   a r o u n d   t h e   d i s c h a r g e  
chamber t o  produce a p u l s e   t h r e e  times t h e   l e n g t h   ( t h r e e   u n i t s  
i n  tandem)  and  one-fourth  the  impedance  ( four   l ines   of  u n i t s  

i n  paral le l )  Qf t h e   s i n g l e   u n i t   p u l s e .  

+ 

E x p e r i m e n t a l   e v a l u a t i o n   o f   t h e   e f f i c i e n c y  (KE ./E ) e1 0 
requires  t h e   d e t e r m i n a t i o n   o f   o r g a n i z e d   k i n e t i c  motior, of t h e  
c u r r e n t   s h e e t  mass, I n   r a t i o  t o  t h e  i n i t i a l  l ine   energy ,   which  
i s  s in ,p ly  t h e  product   o f   cha . rg ing   vo l tage   and   to ta l -  capacitance. 
S ince  direct  measurement   o f   the   energy   in   o rganized   k ine t ic  
n o t i o n  of t h e   c l r r r e n t  s!-.n~-.l is  n o t   f e a s i b l e   i n  a c l o s e d   d i s -  
charge   chamber ,   th i s   de te rmina t ion  is )=&sed  on the   assumpt ion  
t h a t  a l l  of t h e  mass t h e   c u r r e n t   s h e e t   e n c o u n t e r s  i s  c o l l e c t e d  
a n d   a c c e l e r a t e d ,  i.e., t h a t   t h e  snowplow  model i s  a v a l i d   r e p -  
r e s e n t a t i o n  of t h e   p h y s i c a l   p r o c e s s .   T h i s   r e d u c e s   t h e  problem 
to measuremen t   o f   t he   ve loc i ty   o f   t he  mass a s s o c i a t e d   w i t h   t h e  
c u r r e n t   s h e e t  as d i s c u s s e d   i n  Sec. V of t h i s  report, t h e  
a r r i v a l  of t h e   c u r r e n t   s h e e t  as sensed  by a m a g n e t i c   f i e l d  
probe, precedes v e r y   s l i g h t l y   t h e   a r r i v a l   o f   t h e   a s s o c i a t e d  
mass mot ion ,   s ensed   by   t he   p re s su re   p robe ,   and   t h i s   s epa ra t ion  
r e m a i n s   e s s e n t i a l l y   c o ~ . ~ ~ a n t   o v e r  most of t h e   t r a j e c t o r y .   I n  
view of t h i s   c o r r e l a t i o . , ,   c h e   p h y s i c a l l y  smaller and s i m p l e r  
m a g n e t i c   f i e l d  probes w e r e  used t o  de te rmine   cu r re f i t   shee t  

+ 
conjunct ion   wi th   the   Corson   Manufac tur ing  Corp. 
These   p ro to type   low  inductance   capac i tors  were developed i n  
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ve loc i t i e s  and these  are assumed t o  be the same as  those  of 
t h e  mass t r a j ec to r i s s .  Probes were located  along a common 
radius  because  errors i n  the measurement of current  sheet 
velocity  associated w i t h  probing ir. the wake of another  probe 
w e r e  found t o  be far  less  than  those due t o  azimuthal  current 
sheet i r r e g u l a r i t i e s  over sufficient  angular  separation  to 
keep  probes  out  of  each  other's wake. 

. .  

The experimental measurements discussed above have 
been made i n  argon a t  an  ambient density of 2.2 x kg/m3 
for  various  pulse  durations arld pulse  line impedances, and 
efficiencies  based on these measurements are  presented i n  
Fig. 33a. The corresponding  theoretical  curves  are shown i n  
Fig. 33b. The points 0-1 the  theoretical  curves  correspond  to 
data  points  similarly  located on the  experimental  curves. 

Although che  snowplow  model used i n  the  theoret ical  
calculations  requires  only  the gas  density  as an input, it 
may be  that   other gas properties such as  ionization  potential ,  
molecular  weight,  or  conductivity  play an important ro l e  i n  
the  acceleration  process under the   e f f ic ien t  energy t r ans fe r  
condi t ions  a t  which these  experiments were prformed. I n  
order  to  investigate  possible  effects due t o  gas propert ies ,  
measurements were a l so  made i n  nitrogen,  krypton, and hydro- 
gen.  These  measurements were made a t   t he  same ambient mass 
density  as  those i n  argon, and therefore  the  efficiency 
curves  presen-ed i n  Figs.  34a,b and c should also  corre- 
spond to  the  theoretical   curves of Fig. 33b. 

The following  qualitative agreements  between the  ex- 
perimental and theore t ica l   resu l t s  can be identified: 

1. For a pulse  l i ne  of  a  given impedance there is 
one l eng th  of l i ne  which gives an optimum efficiency. 

2. As the j-mpedance of  the  pulse  line is decreased 

the  corresponding optimum pulse  length  for  the  line  also de- 
creases. 

B 
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The   fo l lowing   d i f f e rences   be tween   t he   t heo re t i ca l   and   cxpe r i -  
m e n t a l   r e s u l t s   o b t a i n e d   i n   a r g o n ,   n i t r o g e n ,   a n d   k r y p t o n  are, 
however, a lso apparent :  

1. Ra the r   t han   showing   t he   t heo re t i ca l ly  predicted 
i n c r e a s i n g  optimum e f f i c i e n c y   w i t h   d e c r e a s i n g  p u l s e  l i n e  i m -  
pedance, the   expe r imen ta l   cu rves  show (1 l e v e l i n g   o f   t h i s   l o c u s  
o f   t h e   e f f i c i e n c y  maxima nea r  an  impedance r a t i o   o f  one. 

2. The  optimum p u l s e  l e n g t h s   f o r   l i n e s  of g iven  im- 
pedance are lower   t han   t he   co r re spond ing   t heo re t i ca l   va lues .  

3 .  Because t h e   e x p e r i m e n t a l   v e l o c i t i e s  are somewhat 
lower t h a n  t h e  ca lcu la ted   va lues ,   impedance  ratios ZL/Zo 
s p e c i f i e d  on the   expe r imen ta l   cu rves  are h ighe r   t han   t hose  
on   t he   co r re spond ing   t heo re t i ca l   cu rves .  

4. The  magnitudes  of  the measured e f f i . c i e n c i e s   a r e  
s i g n i f i c a n t l y  less than   t hose  predicted t h e o r e t i c a l l y .  

The  hydrogen data o f   F ig .   34c ,   un l ike   t hose   o f   t he   o the r  
gases ,  show good agreement  in  both  magnitude and q u a l i t a t i v e  
behavior  w i t h  t h e   t h e o r e t i c a l  resul ts .  The  improved  corre- 
l a t i o n   r e f l e c t s   t h e   f a c t   t h a t   c u r r e n t   s h e e t   v e l o c i t i e s  mea- 
sured i n  hydrogen  correspond such more c l o s e l y   t o   t h e   t h e o -  
retical v e l o c i t i e s   t h a n   t h e   v e l o c i t i e s   m e a s u r e d  i n  t h e   h e a v i e r  
tes t  gases .   The   grea te r   exper imenta l  scatter in   t he   hydrogen  
data occur s  because dB/dt peaks  used to de te rmine   cu r ren t  
s h e e t   v e l o c i t i e s  are no t  as r ep roduc ib le  o r  w e l l  de f ined  i n  
hydrogen as t h e y  are i n  t h e   o t h e r  test gases .  

The d i sc repanc ie s   be tween   t heo re t i ca l ly   p red ic t ed   and  
measared v e l o c i t i e s   i n   t h e   h e a v i e r   g a s e s   w h i c h  result  i n  t h e  
lower   expe r imen ta l   e f f i c i enc ie s   can  be a s s i g n e d  t o  a f a i l u r e  
of a l l  of t he   cu r ren t   f l owing   t h rough   t he   d i scha rge   chamber  
t o  c o n c e n t r a t e   i n  a t h i n   s h e e t  as t h e  snowplow  model  assumes. 
Any cur ren t   which  flows i n   t h e   r e g i o n   b e h i n d   t h e   a d v a n c i n g  
c u r r e n t   s h e e t   r e d u c e s   t h e   i n d u c t a n c e  [Eq. (4-2)] a n d   t h e  imped- 
ance [Eq. (4-8)] of t h e   d i s c h a r g e ,   t h e r e b y   p r e d i c a t i n g  a lower 
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v e l o c i t y   s h e e t .   E v i d e n c e   t h a t   t h e  c u r r e n t  f lowing i n  t h e  
d ischarge   chamber  is  n o t   c o n f i n e d   t o  a t h i n  sheet can  be 
p r e s e n t e d  i n  t h e  form of   d i scharge   chamber  c u r r e n t  and  vol t -  
age osc i l l og rams   ob ta ined   i n   hydrogen ,   t he   co r re spond ing   t he -  
o r e t i c a l l y   p r e d i c t e d  waveforms  and  the  osci l lograms  obtained 
i n  a heavy  gas   (argon)  shown i n   F i g .  35.  The t h e o r e t i c a l  
cu rves  o f   F ig .   35a   d i sp l ay   t he  increase o f   d i scha rge  imped- 
ance w i t h   c u r r e n t   s h e e t   p r o g r e s s   w h i c h   f o r c e s   t h e   c u r r e n t  
magnitude t o  dec rease   and   t he   d i scha rge  chamber  -\rolcage t o  
rise a f t e r   t h e  i n i t i a l  c h a r a c t e r i s t i c   c u r r e n t  rise time. The 
experimental   waveforms  obtained  in   hydrogen  (Fig.   35b)   ex-  
h i b i t   t h i s  same type   of   behavior ,   bu t   the   cor responding  wave- 
forms obta ined   in   a rgon   (F ig .   35c)  show t h e   d i s c h a r g e  chamber 
v o l t a g e   d e c a y i n g   a n d   t h e   c u r r e n t   c o - t i n u i n g   t o  rise a t  a 
lesser rate, l o n g   a f t e r   t h e   c h a r a c t e r i s t i c  rise t i m e .  Such 
b e h a v i o r   c a n   e x i s t   o n l y   i f   t h e   n e t   l o a d  impedance is  de- 
c r e a s i n g .   S i n c e   m e a s u r e d   t r a j e c t o r i e s  show t h e   c u r r e n t   s h e e t  
is acceleratinq i n w a r d   d u r i n g   t h i s   p e r i o d   ( i n c r e a s i n g   l o a d  
i m p e d a n c e ) ,   p a r a l l e l  c u r r e n t  p a t h s  m u s t  ex is t  which  cause 
t h e   d e c r e a s e   i n  n e t  impedance  observed i n  the   a rgon  wave- 
f oms. 

T h i s   e f f e c t  may be i l l u s t r a t e d  more d i r e c t l y  by re- 
w r i t i n g  Eqs.  (4-2) and (4-4) i n   t h e  form 

(4-9) 

and  apply ing   them t o  the   vo l t age   and   cu r ren t   da t a   o f   F ig .  3 5  

t o g e t h e r   w i t h   t h e   m e a s u r e d  resistance of t h e   d i s c h a r g e  
(% - lo4 ohms), t o  o b t a i n   f i r s t   t h e  n e t  inductance  seen  by 
the pulse l i n e  a n d   t h e n   t h e   t r a j e c t o r y  of t h e  mean c u r r e n t  

" 

I 

(4-10) 
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f l o w i n g   i n   t h e   d i s c h a r g e  chamber  which  corresponds t o   t h i s  
ne t   i nduc tance .   These   t r a j ec to r i e s ,   wh ich  are shown i n  
Figs.  36b  and c for  hydrogen  and  argon are l a b e l e d   ' h e a n  cu r -  
r e n t . "  The t r a j e c t o r y   o f   t h e   h i g h - c u r r e n t   d e n s i t y   s h e e t ,   o n  
t h e   o t h e r   h a n d ,  is de termined   exper imenta l ly   by   sens ing   the  
time o f   a r r i v a l   o f   t h e   p e a k  of c u r r e n t   d e n s i t y   w i t h  a mag- 
n e t i c  probe  and is  shown i n  Figs.  36b  and c as "dB/dt t ra-  
jec tory ."   For  t3e i d e a l  snowplow m o d e l  t h e  mean cur ren t   and  
p e a k   c u r r e n t   d e n s i t y   t r a j e c t o r i e s  are c l e a r l y   i d e n t i c a l   ( F i g .  
36a)   and  for   the  hydrogen  data   they show  a c lose   cor respond-  
e n c e ,   b u t   f o r   t h e   t y p i c a l   a r g o n   d i s c h a r g e   t h e  mean c u r r e n t  
t r a j e c t o r y   l a g s   b e h i n d   t h e   t r a j e c t o r y  of t h e  maximum c u r r e n t  
d e n s i t y .   T h i s   i m p l i e s   t h a t   t h e   e x p e r i m e n t a l   i n d u c t a n c e  and 
time d e r i v a t i v e   o f   i n d u c t a n c e  are l e s s   t h a n   t h e   i d e a l  snow- 
plow  model p r e d i c t s  and thus   t ha t   t he   d i sc repancy   be tween   t he  
t h e o r e t i c a l   a n o   e x p e r i m e n t a l   e f f i c i e n c y  is due t o  t h e   f a i l u r e  
of the   mode l   t o  accoun t  f o r   t h e   d i E f u s e   c u r r e n t   p a t t e r n  set 
up i n  t he   d i scha rge   cha rhe r   beh ind   t he   p ropaga t ing   h igh  cur- 
r e n t  dens i ty   shee t .   Add i t iona l   ev idence   fo r   t he   ex i s t ence  
of a d i f f u s e   c u r r e n t   p a t t e r n   c a n  be  found i n  the   magnet ic  
p r o b e   r e c o r d s ,   b u t   q u a n t i t a t i v e   i n t e r p r e t a t i o n   o f   t h e s e  rec- 
c r d s  i s  d i f f i c u l t   b e c a u s e   t h e   p r o b e s   p r o d u c e   l o c a l   p e r t u r b a -  
t i o n s   i n   t h e   m a g n i t u d e  of t h e   m a y - ~ e t i c   f i e l d   u n d e r  near  i m -  
pedance  match  conditions.  

Summary 

The e f f i c i e n c y   o f   e n e r g y   t r a n s f e r   f r @ n  a c u r r e n t   p u l s e  
ne twork   in to   o rganized   mot ion   of   the   mass   assoc ia ted   wi th   the  
p r o p a g a t i n g   c u r r e n t   s h e e t   o f  a pu l sed   p l a sma   acce le ra to r   has  
been s t u d i e d   t h e o r e t i c a l l y  and  experimentally.   The  theory,  
which is  based  on a ''snowplow"  model, p r e d i c t s  maximum e f -  
f i c i e n c y  when t h e   c u r r e n t   s h e e t  is d r iven   by  a p u l s e   l i n e  
t h a t  (1) h a s  an impedance s i g n i f i c a n t l y   b e l o w   t h e   a v e r a g e   d i s -  
charge  impedance  and (2)  produces a p u l s e  wh ich   exh ib i t s   cu r -  

. - :. .. . ... ,. . . .,. .. . : 
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r e n t  r e v e r s a l   n e a r   t h e  time when t h e  mass would be   expel led  
from t h e   a c c e l e r a t o r .  The e x p e r i m e n t a l   r e s u l t s   s u g g e s t   t h e  
optimum e f f i c i e n c y  w i l l  b e   r e a l i z e d  when t h e  l i n e  impedance 
is near   the   d i scharge   impedance ,   bu t   o therwise   conf i rm  the  
p r e d i c t e d   q u a l i t a t i v e   v a r i a t i o n   o f   e f f i c i e n c y   w i t h   p u l s e   l i n e  
impedance  and  pulse  duration. The magn i tudes   o f   e f f i c i enc ie s  
in   a rgon ,   k rypton ,   and   n i t rogen  are o b s e r v e d   t o   b e   c o n s i d e r a b l y  
less t h a n   t h e   t h e o r e t i c a l   v a l u e s ,   a n d   t h e s e   q u a n t i t a t i v e   d i s -  
c r e p a n c i e s   h a v e   b e e n   r e l a t e d   t o   t h e   f a i l u r e   o f   t h e  snowplow 
model t o   a c c o u n t   f o r  a f r a c t i o n   o f   t h e   c u r r e n t   w h i c h   d o e s   n o t  
f low  through  the   p ropagat ing   h igh-cur ren t   dens i ty   shee t .  Hy- 
drogen   da ta   which   cor re la te  more c l o s e l y   w i t h   t h e   t h e o r e t i c a l  
resul ts  mani fes t  a l a r g e r   f r a c t i o n   o f   t h e   c u r r e n t   f l o w   t h r o u g h  
t h e   s h e e t .  
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wel l -def ined   and  stable, w i t h  a cu r ren t   dens i ty   o f   abou t   10  
amp/m , a t h i c k n e s s  of about  1.5 c m ,  and a c o n s t a n t   r a d i a l  
v e l o c i t y  of about  3 x l o 4  m/sec. A l l  of the   subsequent   ex-  
periments are conf ined  t o  t h i s   m i d - e l e c t r o d e   p o r t i o n  of t h e  
s h e e t .  

8 

2 

Pressure  Probe  Development 

An ideal   probe  for   the  designed  measurement   would 
f a i t h f u l l y   r e s p o n d   t o   t h e   p r o f i l e   o f   g a s - k i n e t i c   p r e s s u r e   i n  
t h e   p a s s i n g  c u r r e n t  shee t   w i th  a l inear  o u t p u t ,   f r e e  of spu- 
r i o u s   s i g n a l ,   w h i l e   n e g l i g i b l y   d i s t u r b i n g   t h e   l o c a l   s h e e t  
s t r u c t u r e .   F o r   t h e   s h e e t   i n t e n s i t y ,   w i d t h ,   a n d   v e l o c i t y   i n -  
v o l v e d   h e r e ,   t h i s   t r a n s l a t e s   i n t o   r e q u i r e m e n t s   o f  millimeter 
? - ,pa th1   r e so lu t ion ,   t en th -mic rosecond   ( r ea l - t ime)  rise time, 
and a l i n e a r   s e n s i t i v i t y   o f   a t  least  0.1  mV/torr,  uncompromised 
by   t he   e l ec t romagne t i c   no i se   f rom  the   ad jacen t   d i scha rge .  

The   s ta te -of - the-ar t   per formance   of   var ious   ex is t ing  
p r e s s u r e   p r o b e s   a p p l i c a b l e   t o   p l a s m a   s t u d i e s ,  as r e c e n t l y   s u r -  
veyed  by  Jones  and  Vlases (A-3) does  not  meet the  above re- 
qui rements .   Severa l   a t tempts   have   been  made t o   p r o b e   t r a n -  
s i e n t   d i s c h a r g e s   o f   t h e   p r e s e n t   t y p e   w i t h   d i r e c t - c o n t a c t   p i -  
e z o e l e c t r i c   d e v i c e s  (A-4,A-5) b u t   t h e s e   s e r v e d   o n l y   t o   d e f i n e  
n o m i n a l   t i m e - o f - a r r i v a l   o f   r e l a t i v e l y   l a r g e   p r e s s u r e   p u l s e s .  
To f o l l o w  e x a c t l y   t h e   p r e s s u r e   p r o f i l e s  on a submicrosecond 
time scale requ i r e s   t he   deve lopmen t  of a new, h i g h l y   s p e c i a l -  
i zed   p robe .  

Br i e f ly ,   t he   p robe   concep t   found   t o  be optimum f o r   t h i s  
a p p l i c a t i o n   i n v o l v e s  a p i e z o e l e c t r i c  ceramic s e p a r a t e d  from t h e  
prasma b y  a minimum of insu la t ion ,   and   su i t ab ly   suppor t ed   by  a 
st ructure  of ,back ing   rod ,   coax ia l   e l ec t rode   connec t ions ,   and  
an  i n s u l a t e d   h o u s i n g  as shown in   F ig .  39.  The  most cr i t ical  
aspect of p r o b e   d e s i g n   a f f e c t i n g   t h e   l i n e a r i t y   o f  i t s  response  
is t he   p rope r   ma tch ing   o f   t he   back ing   rod  t o  t h a t   o f   t h e   p i e z o -  
ceramic. The common prac t ice   o f   matching   the   acous t ic   impedance ,  

i 
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2 Z [E(Youngs  modulus) x ( d e n s i t y )  jl/*, of t h e  t w o  ele- 
ments t o  m i n i m i z e   t h e   t h i c k n e s s   o s c i l l a t i o n s  w a s  found t o  be 
inadequa te .   S j ?ec i f i ca l ly ,   u s ing  PZT 5-A ceramic e lements  
( C l e v i t e  Corp., Cleve land ,   Ohio)   wi th   b rass ,   t in ,   and  nonpo- 
l a r i z e d  PZT 5-A b a c k i n g   e l e m e n t s ,   t h e   i n t e r n a l   t h i c k n e s s  oscil- 
la t ions   changed  little w h i l e   t h e   r a d i a l  mode o s c i l l a t i o n s  dom- 
i n a t e d   t h e  probe response .  An a n a l y t i c a l   a n d   e x p e r i m e n t a l  
s t u d y   o f   t h e  stress c o n d i t i o n s   a c r o s s   t h e   c r y s t a l - b a c k i n g  rod 

i n t e r f a c e   [ 5 1 ]   i n d i c a t e d   t h a t   t h e  l a te ra l  s t r a i n ,  cR 2/ 
( P o i s s o n ’ s   r a t i o )  /E (Youngs  modulus)  would be cr i t ical ,  and 
t h a t   t h e  radial  wave d i s t o r t i o n   c o u l d  be reduced by   spec i fy ing  
E (backing rod) .C 4 ER(ceramic), i.e., t h e   b a c k i n g  rod should 
s e r v e   t o  damp t h e   r a d i a l   o s c i l l a t i o n s .   S t a i n l e s s  s tee l  was 
found t o  b e   t h e  best common m a t e r i a l  from t h i s   s t a n d p o i n t .  

R 

The p r o t o t y p e   t r a n s d u c e r s  u s e  ceramic elements  0.010-in.  
thick,   5 /32-in.  (4 mm) i n   d i a m e t e r ,   e n c a s e d   i n   t h e   i n s u l a t e d  
coaxia l   a r rangement  shown i n   F i g .  39. A 5/16-in.  0.d.  Pyrex 
encased   un i t  is used for radial  probing  and a 1/2-in.  0.d. . 

ny lon   encased   un i t   fo r   ax i a l   p rob ing .  The e lectr ical  i n s u l a -  
t i o n  o n   t h e   c r y s t a l   f a c e   c o n s i s t s  of 1 l a y e r  of 1 m i l  t h i c k  
Scotch  #74 i n s u l a t i n g   t a p e   c o v e r e d   w i t h   o n e   t h i n   l a y e r  of 
Zapon Aquani te   (Gl idden)   l acquer .  The r e s p o n s e   o f   t h i s   t y p e  
probe t o  head-on r e f l e c t i o n   o f  a shock wave i n  a shock  tube 
is p r e s e n t e d   i n   F i g .  40. The h i q h - f r e q u e n c y   o s c i l l a t i o n s   a r e  
due t o  t h i c k n e s s  mode stress p r o p a g a t i o n   b u t   d o   n o t   i n h i b i t  
e v a l u a t i o n   o f   t h e   r e a l - p r e s s u r e  mean response.  The o n s e t  of 
t h e  more cr i t ical  lower f r e q u e n c y   r a d i a l  mode o s c i l l a t i o n  i s  
de layed   un t i l   abou t   1 .5  psec, al lowing  reasonable   measurements  
of pressure t o  be made w i t h i n   t h a t   i n t e r v a l .   C a l i b r a t i o n  w a s  
c a r r i e d   o u t   o v e r  a range  of r e f l e c t e d   s h o c k   w a v e s   i n  0 . 5  torr 
t o  1.0 atm a rgon ,   p roduc ing   p re s su re   d i f f e rences  up  t o  5.2 atm; 
o v e r   t h e   e n t i r e   r a n g e   t h e   p r o b e   r e s p o n s e  w a s  l i n e a r   w i t h   t h e  
pressure inc rease .  To p r e s e r v e   t h e   f r e q u e n c y   r e s p o n s e ,   t h e  
p r o b i n g   u n i t  is coupled   wi th  a ba t te ry   powered   ca thode  follower 
when u s e d   w i t h i n   t h e   d i s c h a r g e .  
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p r e s s u r e  Probe - C u r r e n t   S h e e t   I n t e r a c t i o n  

To examine t h e   c u r r e n t   s h e e t  away f r o m   t h e   e l e c t r o d e  
surfaces, f o r  t h e   r e a s o n s   d i s c u s s e d   a b o v e ,  it is n e c e s s a r y  
for t h e  body of t h e   p r o b e  t o  p r o j e c t  i n t o  t h e  chamber.  In- 
ter2retation of i t s  r e sponse   t hus  must be  based  on some under- 
s tanding of t h e   i n t e r a c t i o n   o f   t h e   c u r r e n t   s h e e t   w i t h   t h e  
p r o b i n g  body. F i g u r e   4 1   d i s p l a y s  Kerr-cell p h o t o g r a p h s   o f   t h e  
l u m i n o s i t y   p a t t e r n s   d e v e l o p e d   o v e r   t h e   r a d i a l   p r o b i n g   s h a p e  
a t  R = 2 " ,  mid-plane ,   Af te r   the   passage  of t h e   w e l l - d e f i n e d  
rear s u r f a c e   o f   s h e e t   l u m i n o s i t y ,  a form of de tached  "bow 
wave" appears sh roud ing  t h e  b lu f f   p robe   end ,   pe rhaps   i nd ica -  
t i v e   o f  a r e s i d u a l   g a s   f l o w   b e h i n d   t h e   s h e e t .   S i m i l a r  lumi -  
nous  waves are obse rved   on   t he  upstream ( s t a g n a t i o n )   s i d e   o f  
t h e  ax ia l  probe body, I n   t h e  hope of r e d u c i n g   s p u r i o u s   d i f -  
f r a c t i o n   s i g n a l s   o n   t h e   s e n s i n g   s u r f a c e  of t h e   a x i a l   p r o l e ,  
it w a s  f i t t e d   w i t h  a sha rp - l ead ing   edge   annu la r   co l l a r .   Pko to -  
g raphs  of t h e   s h e e t - i n d u c e d   f l o w   o v e r   t h i s   c o n f i g u r a t i o n  are 
shown i n   F i g ,  42, Note t h a t  a luminous  wave is  still v i s i b l e  
o v e r   t h e   s e n s i t i v e  probe s u r f a c e ,   a n d   f u r t h e r ,   t h a t   t h e  wave- 
s u r f a c e   a n g l e  is d i s t i n c t l y   d i f f e r e n t   f o r   t h e   p r o b e  mounted  on 
t h e   c a t h o d e   t h a n  for t h a t  mounted  on the  anode.   Such  behavior  
s u g g e s t s   t h a t  f l o w  d e f l e c t i o n  occurs a t  t h e   l e a d i n g   e d g e   i n  
each  case and is p e r h a p s   i n d i c a t i v e  of a f l o w  i n c l i n a t i o n  
a s s o c i a t e d . w i t h  the s l i g h t l y   t i l t e d   s h e e t .  

A complementary factor t o  be cons ide red  i s  t h e   e f f e c t  
of t h e  probe body,  and  any  appendages t o  it, o n   t h e   d i s t r i b u t i o n  
of c u r r e n t   d e n s i t y   w i t h i n   t h e   s h e e t .   F i g u r e  43 shows s i m u l t a -  
neous   r eco rds  of ax ia l  pressure   and   magnet ic   induct ion   change ,  
bo, - - h e r e   e s s e n t i a l l y   p r o p o r t i o n a l  t o  local c u r r e n t  d e n s i t y -  
t a k e n  w i t h  s e v e r a l   d i f f e r e n t   p r o b i n g   s h a p e s .  Note t h a t   t h e  
d i s t o r t i o n   i n   c u r r e n t   d e n s i t y   p r o f i l e   c a u s e d  by a " f l o w  iso- 
lator" far outweighs  any  improvement i n  t h e  p r e s s u r e  response, 
i n d i c a t i n g  that a bare probe, wi thou t  isolator,  is t h e  opt imum 
ar rangement  fo r  obtaining  UndiStOrted,  well-correlated mea- 
surements.  
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Experimental  Determination  of  Current  She.et  Profiles 

The current  sheet  structure is  probed w i t h  the  pres- 
sure  sensing  instruments  described above, w i t h  magnetic in-  
duction  coils,  and with  double e l e c t r i c   f i e l d  probes. C i r -  

c u i t  current is measured w i t h  an external Rogowski loop. The 

magnetic  probes of Formvar-coated copper w i r e ,  2.4 m diame- 
t e r ,   a r e  mounted a n  the  pressure probe tzdy,   di rect ly   adjacent  
to  the  pressure-sensing  surface  to i n s u r e  exact  time  correla- 
tion. The e l e c t r i c   f i e l d  probes are   conical ly  shaped w i t h  a 
2 . 5  mm diameter  ring  electrode  separate4 by a 1-85 nun gap 
from a t ip   e lec t rode  of equal  area. Data are  recorded w i t h  
the  axial   pressure probe mounted  on the anode and on the  cath- 
ode (Fig. 4 2 ) .  The ax ia l  and radial  probes  are  separated by 
a 30° azimuthal  angle t o  avqid mutual d i s to r t ion :   t e s t s  made 
w i t h  the  probes  arranged i n  several   d i f ferent   re la t ive  posi-  
t ions confirmed tha t  such a configuration  allowed  exact  time 
correlat ion of  the  data. Three separate  discharges  are  re- 
quired to   acqui re  complete da t a   a t  aay  one poi..- i n  the chamber: 
the magnetic  probe measurement is repeated  as a control: 

Discharge 1: PR# EZ, I, BQ 

Discharge 2: Pz (C) , ER, Be, 8, 

Discharge 3:  Pz ( A ) ,  ER, Be, Be 

Typical  results,  time-correlated  using  the common Be signal,  
are  presented i n  Fig, 44. 

On the  basis of such data, we ident i fy   three segments 
of  the  current  sheet  structure: 

Region I, characterized by intense c u r r e n t  
conduction,  isotropic  pressure  response  of  rel- 
atively  small  magnitude, and f i n i t e  a,,lal and 
r ad ia l   e l ec t r i c   f i e lds .  

Region 11, characterized by relat ively  small  
c u r r e n t  density, a strong,  discontinuous  radial 
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pressure  response, and d i f fe ren t  magnitudes 
of  axial   pressure depending on the probe 
or ientat ion.  

I 

Region 111, characterized by negligible 
c u r r e n t  density and radial  pressure  response, 
approximately equal axial  pressures, and strong 
a x i a l   e l e c t r i c   f i e l d  and azimuthal  magnetic 
f i e lds  . 

Two features of th i s   s t ruc tura l   pa t te rn   a re  of par t icu lar  
significance: (1) there i s  a dis t inct   delay ( -  0.2  ysec) 
between the Be peak and the  sharp  pressure rise, implying 
a corresponding  spatial  separation of 0.6 cm between the  
posit ion of maximum current  density, and t h e  leading edge 
of t h e  accumulated mass. (2)  The abrupt   pressure, r ise  i s  
quickly  followed by a rapid  expansion,  implying tha t   t he  
accumulated mass is  confined to a narrow layer ,  - 0.1 c m  
thick. 

' I  

Similar  data  obtained  at   other  radii  between 3 in. 
and 1 1 /2  i n .  indicats   that4al l  measured properties i n  each % 

of the  three  regions remain vir tual ly   constant   as   the  sheet  
implodes, w i t h  the  exceptions  of  the  radial  pressure i n  
Region II which increases  with  sheet  progression, and the I 

separation between B peak and pressure  discontinuity, which 
increases. 

e 

Reduztion of magnetic and e l e c t r i c  probe records  to  # 

prof i les  of  current  density and e l e c t r i c   f i e l d  proceeds i n  
standard  fashion,  but  extraction of gas-kinetic  pressure  pro- 
f i l e s  from the  piezoelectrj-   signatures  involves  consideration 
of both  electrostatic  sheath and gasdynamic e f f ec t s  [61]. Re- 
garding  the  sheath  effect, a momentum analysis of pa r t i c l e s  

I 

j : 
1 

I 

streaming between the plasma and the  probe  surface  indicates 
that  the  pressures  sensed by the piezo-element are   equal   to  
the  gas-kinetic  pressure i n  the plasma. A n  exact  analysis i 

of the gasdynamic interact ion i s  not  possible  because of the ! 

i, 

. .  
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t r a n s i e n t   n o n e q u i l i b r i u m   n a t u r e  of t h e   e v e n t ,   b u t   t h e s e   e f -  
f e c t s  can be   es t imated  t o  e s t a b i i s h   a p p r o x i m a t e   r e l a t i o n -  
s h i p s . .  The t r a n s i e n t  c h a r e c t e r   o f   t h e   i n t e r a c t i o n ,   a l o n g  
w i t h  estimates o f   l o c a l   p l a s m a   p r o p e r t i e s ,   i n d i c a t e   t h a t  
e f f e c t i v e   " c o l d  w a l l "  c o n d i t i o n s   p r e v a i l ,  i.e., the   cha rac -  
ter is t ic  time f: .. t h e r m a l   t r a n s p o r t  is  o f   t h e   o r d e r  of t h a t  
f o r   f l u i d  dynamic   ad jus tments ,   sugges t ing   tha t  Newtonxan 
a n a l y s i s  may be   app l i cab le .  A t  worst   such  an  approach  should 
s e r v e  t o  c o r r e l a t e   f i r s t - o r d e r   e f f e c t s .   I n   t h i s   s p i r i t ,   f o r  
example,  in  Region I, where P % Pz [ C )  P (A) implying 1 

I 
1 

neg l ig ib l e   gasdynamic   i n t e rac t ion ,   t hen  PSTAT 5 P  For i -  i :  

Region 11, where PR bs P,(C) b> P Z ( A ) ,  PR SYN nm V * whi le  

R z 

2' 
4 :  

A s  i - 1 '  

P,(C) PSTAT 4- nm (V s i n  6 )  when 9 is  t h e   a n g l e   o f   s h e e t  
4 

A s  1 
tilt and P,(C)  is  c o r r e c t e d   f o r   t h e   e f f e c t s   o f   z o n e  (11) t h i c k -  1 

1 
ness r e l a t i v e   t o   t h e   e l e m e n t   s i z e .  In Region 111, PR > P,(C) 1 :  
N .- Pz ( A ) ,  and so PSTAT d r~ P The s h e e t   p r e s s u r e   p r o f i l e s  

2' / :  : 

\ :  

computed  from t h e s e  relations are p r e s e n t e d   i n   F i g .  45.  f :  

1 :: 
1 :  

Current   Shee t  S t r u c t u r e  and Dynamics ,,: 
The d e g r e e   o f   i o n i z a t i o n   w i t h i n   t h e   c u r r e n t   s h e e t  can  

be  estimated  from  measurements of v o l t a g e   d r o p   a c r o s s   t h e  I :  
shee t   d i scha rge .  Presumir.g e l e c t r o n  c u r r e n t  carriers, t h e  
corresponding  energy  increment  is ba lanced   wi th   energy  loss . 

'1 i 
3 :  

by i n e l a s t i c   c o l l i s i o n   t o   i n d i c a t e  a mean e i e c t r o n   t e m p e r a t u r e  
of about  4 e V  - a value  compat ible   with  an  assumption  of  f u l l  
s i n g l e   i o n i z a t i o n  near the   shee t .   l ead ing   edge .  

The i n t ense   cu r ren t   conduc t ion   i n   Reg ion  I; can be 
d e s c r i b e d  by a g e n e r a l i z e d  Ohm's l a w ,  

~ = ~ [ ~ + v x E + - - -  A d  P T X S  3 nee n e  e 
(5-1) 

From e x p e r i m e n t a l   d a t a ,   t h e   e l e c t r o n   p r e s s u r e   g r a d i e n t  is 
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n e g l i g i b l e ,   a n d   f u r t h e r  j, ==: pjz (4 jz, SO t h a t  

e s t i m a t i n g  radial  i o n   v e l o c i t y  from radial electric f i e l d  
energy  arguments,   and  using  measured  values  of E,, BQ it is  
f o u n d   t h a t   t h e   b u i k  of t h e   c u r r e n t   i n  Region I is carried by 
e l e c t r o n s :  

The r a d i a l  electric f i e l d   i n  Region I appears  t o  be t h e  mech- 
an ism f o r   t r a n s f e r   o f  j x B f o r c e   d e n s i t y   f r o m   t h e   e l e c t r o n s  
t o  t h e  ions.  

The p r e s s u r e   d a t a   c a n  be i n c o r p o r a t e d   i n t o   t h e   s h e e t  
s t r u c t u r e   a n a l y s i s   i n   t h e   f o l l o w i n g  manner: t h e  rad ia l  p re s -  1 :  
su re  is related t o  h e a v y   p a r t i c l e  number dens i ty   (n )   by  I :  
P, = m A v R 2   a n d   t h e   a x i a l  (ststic) p r e s s u r e  i s  related t o  t h e  
gas -k ine t i c   t empera tu re  (TI th rough  the   equat ion   of  s tate,  I :  

'STAT = L n . k T  nk(TA + Te) 1 1  j 
\( 5-4) 

I o n   v e l o c i t i e s   i n   R e g i o n  I may be estimated f r o m   c o l l i s i o n l e s s  
e n e r g e t i c s   t h r o u g h   t h e  radial  e lectr ic  f i e l d ;   t h e   r a d i a l  ve- 
l o c i t y   o f  t h e  p a r t i c l e s   i n   t h e   e n t r a i n e d   z o n e  (11) is d e f i n e d  
as the  measured  sheet   speed,  vR = Vs; i n  Region I11 w i t h   n e g l i -  
g ib l e   cu r ren t   dens i ty   and   an   e s t ima ted   modera t e   conduc t iv i ty ,  

V, 
N EZ/BC). The d e n s i t y   p r o f i l e  estimated by the   above  pro-  

c e d u r e s   i s ' p r e s e n t e d   i n   F i g .  46;  t h e   t e m p e r a t u r e   p r o f i l e   i n -  
d i ca t ed   by   combin ing   t he   p re s su re   and   dens i ty   i n   t he   equa t ion  
o f  s ta te  is p r e s e n t e d   i n   F i g .  47. The p a r t i c l e   d e n s i t y   p r o -  
f i l e  is related t o  a sweeping  parameter, s, d e f i n e d  as t h e  
r a t i o   o f   e n t r a i n e d  mass t o   t h a t   o r i g i n a l l y   i n   t h e  volume  swept 
b y   t h e   s h e e t ,   i n   t h e   f o r m  

I 

1 i  
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where s is the   t h i ckness   o f   Reg ion  I1 w i t h   d e n s i t y  nII, 
n i s  ambient   densi ty ,  and Ro is chamber  radius:  s is  de- 
t e rmined   f rom  the   r educ t ion   o f   ax i a l   p re s su re   r e sponse  time 
dur ing   the   shee t   sweeping   event .   Typica l ly ,  Vs = 3x10 m/sec, 

s = 1.2 m, nII = 1.6 x 10 -16 and S = 0 . 90 i n d i c a t i n g  
a very   e f f i c i en t ly   sweep ing   shee t .  

0 

4 

A radial momentum b a l a n c e   a c r o s s   t h e   c u r r e n t   s h e e t  
p r o f i l e  results i n   t h e   r e l a t i o n s h i p ,  

Taking   typ ica l   va lues ,   the  par t ic le  k i n e t i c  pressure of 
t h e   e n t r a i n e d   g a s ,  PsTAT, rough ly   equa l s  p , ~ ,  t h e   e l e c t r o -  
magnet ic   p ressure   suppor t ing   the   shee t   sys tem.   Fur ther ,  
t yp ica l   va lues   imp ly  S > 1, a n   i n d i c a t i o n   t h a t  a c o r r e c t  
momentum balance  must  include w a l l  ( e l e c t r o d e )  momentum 
l o s s e s .  

The s h e e t  tilt angle ,  p' , can be related t o   t h e  
a x i a l   p r e s s u r e   i n c r e m e n t   w i t h   t h e   r e l a t i o n s h i p  P,(C) - PSTAT 
= nIImAvzi2 de f in ing  a value  of vzi; t h i s   v a l u e  is  i n  good 
agreement   wi th   the   ax ia l   shee t   ve loc i ty   component ,  Vs s i n  41 . 
T h i s   f a c t ,   a l o n g   w i t h  a Larmor r a d i u s  o f   t he   o rde r   o f   shee t  
t h i ckness ,  would a p p e a r   t o   i n d i c a t e   t h a t   i o n   t u r n i n g  by t h e  
s h e e t   m a g n e t i c   f i e l d   p r o d u c e s   t h e   c h a r a c t e r i s t i c   s h e e t  tilt 
ang le  . 

The radial v a r i a t i o n  of nII, 6 ,  and S prov ides   ano the r  
i n d i c a t i o n   o f   t h e   n a t u r e   o f   t h e   a c c e l e r a t i o n   p r o c e s s  and is  
p resen ted   i n   F ig .  48. It c a n   b e   s e e n   t h a t   t h e   d e n s i t y  of t h e  
en t r a ined   gas   i nc reases   w i th   shee t   i ncu r s ion ,   wh i l e   t he   t h i ck -  
ness (5) remains cons t an t ,   i n   comple t e   con t r a s t  t o  t h e   b e h a v i o r  
of the   shock-heated  gas   in  a classical shock-piston  system. 

.. . . .  . 
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VI. POTENTIAL  DISTRIBUTIONS IN A PINCH CHAMBER (Ober th)  

I n  t h e  l a s t  report 1541 w e  d i s c u s s e d  a dras t ic  asym- 
metry  which w a s  found t o  e x i s t  between the   anode   and   ca thode  
shea ths   o f   t he   p inch   d i scha rge .   Th i s   a symmet ry  w a s  demon- 
s t r a t e d   b y  an experimer.t i n  which   por t ions  of the   anode   and  
ca thode  were i n s u l a t e d   b y  c i rcu lar  d i s c s  of mylar   and   the  arc  
v o l t a g e  w a s  m o n i t o r e d   f o r   e a c h   s i t u a t i o n .  W e  o b s e r v e d   t h a t  i n -  
s u l a t i o n   o f   t h e   a n o d e   c a u s e d   t h e  arc vo l t age  t o  i n c r e a s e   s i g -  
n i f i c a n t l y   ( f r o m  50 t o  1 6 0   v o l t s ) ,   w h e r e a s   c a t h o d e   i n s u l a t i o n  
had   on ly  a m i n o r   e f f e c t .  

In a n  effor t  t o  examine  the s t r u c t u r e  of the   anode   shea th  
a n d   a d j a c e n t   d i s c h a r g e   r e g i o n ,  a s i n g l e   t i p  e lectrostat ic  probe  
has   been   des igned  t o  measure local  plasma p o t e n t i a l  (less a 
small s h e a t h   c o r r e c t i o n   a r o u n d   t h e   p r o b e  t i p ) .  I n  i t s  f i rs t  
a p p l i c a t i o n ,   t h e  probe h a s   b e e n   u s e d   t o  map plasma poten t ia l  
i n   t h e   s l i g h t l y   i o n i z e d   r e g i o n   a h e a d   6 f   t h e   p r o p a g a t i n g   c u r r e n t  
shee t .   Wi th   no   i n su la t ion   on   e i the r   e l ec t rode ,   and   t he   cu r ren t  
s h e e t  a t  a r a d i u s  of about  3 i n . ,  it is  found t h a t   a l m o s t  a l l  
of t h e   v o l t a g e   d r o p   o c c u r s  across a r e g i o n   w i t h i n  1 /2  i n .  of 
t h e   a n o d e   s u r f a c e   ( F i g .  49). The g r a d i e n t   a t t a i n s  i t s  s t r o n g e s t  
va lue  of about 2 v/cm r i g h t  a t  t h e  anode surface. N o  comparable 
r e g i o n  of s t r o n g  electric f i e l d  is found  near   the   ca thode .  

Similar series of exper iments  are now i n   p r o g r e s s   f o r  
cases where  the  anode  and/or  cathode are i n s u l a t e d   w i t h   c i r c u -  
l a r  mylar discs. It is  n o t e d   t h a t   a n o d e   i n s u l a t i o n   c a u s e s  a 
t h r e e f o l d   i n c r e a s e  i n  arc v o l t a g e ,   e v e n   b e f o r e   t h e   c u r r e n t   s h e e t  
a r r i v e s  at t h e   i n s u l a t e d   p o r t i o n ,   s u g g e s t i n g  t h a t  it may not be 
h i g h - c u r r e n t   d e n s i t y   c o n d u c t i o n   p r o c e s s e s   i n   t h e   s h e e t  i t se l f ,  
but  t h o s e   i n   t h e   a m b i e n t  plasma ahead of t h e   s h e e t   w h i c h   d e t e r -  
mine t h e  arc vo l t age .  Details of t h i s   p o s s i b i l i t y   s h o u l d  be 
clarified by  maps of t h e  potent ia l  c o n t o u r s   t h r o u g h o u t   t h e  
pinch  chamber,   such as t h a t  shown i n  Fig. 50 for var ious  
anode   i n su la t ed   d i scha rges .  
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VOLTAGE DISTRIBUTION ACROSS CHAMBER AT I INCH RADIUS 

CURRENT  SHEET  AT R = 3 "  
t = I p sec 



.___I_ "._._.._"""._ I .  . - -  . - ... .... 
. . . .  

" _ .  .. ..".*. ..- 

3.5" DIA. 
INSULATION \ R = I I' 2" 3" 

L ANODE  (GROUND) 
I I I 

.. c rr e 1 ./ * / " r, -0 

I / P 
CATHODE 0 

A 

(i. 
POTENTIAL CONTOURS IN CHAMBER 

t = I psec 
CURRENT SHEET AT R=3.5" 

r -i20v 

/ 

0 
0 

. . . . . . . .  - . .  . .  



. . .. . . . . . . . . . . . . . .. . . . . . . .  

10 5 

VII. POPULATION INVERSION I N  A PULSED DLSCHARCZ (Eruckner) 

i 

The laser i n t e r f e r o m e t r y  of t h e   p i n c h   d i s c h a r g e   h a s  
been  brought  t o  a conc lus ion ,  .itf.th t h e   f e e l i n g   t h a t   t h e   t e c h -  
n ique  is now s u f f i c i e n t l y   d e v e l s p e d  t o  j u s t i f y   a p p l i c a t i o n  t a  
our  more advanced   acce le ra to r s .  The first a p p l i c a t i o n  w i l l  
be t o  the parallel-plate d e v i c e   i n   t h e   c o n f i g u r a t i o n   u s e 3  by 
Eckbreth fo r  his s t u d i e s  of t r a n s i . t i o n  t o  quas i - s t eady  accel- 
e r a t i o n  modes  [59]. The Zirst phase  of t h i - ;   s t u d y  is n o t  
s t r ic t ly  i n t e r f e r o m e t r i c  i n  n a t u r e ,   b u t   c o n s i s t s  of examining 
t h e  effects of the   a rgon   d i scha rge   p l a sma  on t h e   r a d i a t i o n  
produced   by   an   a rgon   ion  laser. It is hoped i n  t h i s  manner 
t o  d e t e r m i n e   w h e t h e r   t h e r e   e x i s t s   i n  t h i s  d i s c h a r g e   a n   i n -  
v e r s i o n   i n   t h e   r e l a t i v e   p o p u l a t i o n s  of c e r t a i n   a r q o n   i o n  
e n e r g y   l e v e l s ,  as i n d l c a t e d  by n e g a t i v e   a b s o r p t i o n  of c e r t a i n  
wavelengths  of l i g h t .  

The work of Z c k b r e t h   o n   t h i s   p a r a l l e l - p l a t e   d e v i c e  re- i 

v e a l e d   e v i d e n c e  of c o n d i t i o n s   f a v o r a b l e  t o  t h e   a n s e t  of popu- 
l a t i o n   i n v e r s i o n ,  i.e., c a r r o n t   d e n s i t i e s  of t h e   o r d e r  of 
hundreds of amp/cm2 a t  p a r t i c l e   d e n s i t i e s  of d 4  - 10 15 cm-3 

I n   a d d i t i o n ,   H e r t z b e r g   a n d   L e o n a r d   h a v e   r e c e n t l y   r e p o r t e d   t h e  L 

e x i s t e n z e  of i n v e r s i o n   i n  the plume of a long   pu lse  (10 msec) 
MPD arc o p e r a t i n g  on argon [A-61. -: 

. .  

! -  

A 

1 ., 

On t h e  basis of t h e s e   e n c o u r z g i n g   i n d i c a t i o n s  w e  have 
acquired a TRW Model 71-A pu l sed  al:gon-ion laser and are i n  
t h e  process of s e t t i n g  up t h e   a n c i i l a r y   e q u i p m e n t   a n d   c a r r y i n g  3 .  

o u t  p r e l i m i n a r y  tests. I n i t i a l   o p e r a t i o n s  w i l l  be conf ined  t o  
the 4880 2 wavelength  component of t h s  laser because of t h e  

; !, w e a l t h  of i n f o r m a t i o n   a v a i l a b l e   i n  k n e  l i t e r a t u r e   o n  this 
p a r t i c u l a r   l i n e .  i '  

f 

i ;  

! 

The prob ing  of a n   i o n i z e d  gas w i t h   r a d i a t i o n  from a 
laser u s i n g   t h e  same i a n i z e d  59s should   p rove  t o  be a h i g h l y  
u s e f u l   d i r g n o s t i c   t e c r l n i q u e   b e c a u s e   t h e   a b s o r p t i o n  (be it 
p o s i t i v e  or n e g a t i v e )  of r a d i a t i o n  is c l o s e l y   r e l a t e d  t o  t h e  

k 
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density  and  temperature,  and to the  relative  populations of 
the  energy  levels  involved.  Combined  with  our  previously 
reported  interferometric  techniques  it  may  lead to compilation 
of previously  inaccessible  data on the  structure of the 
accelerating  zone. The broader  implication of population 
inversions to plasma  propulsion  resides  in  the  associated 
frozen  flow  losses  for  monatomic-ionic  species,  which  may 
not be  insignificant  in  view of the  relatively  high  electronic 
energy  levels  involved. 
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V I I I .  CATHODE J E T  STUDIES (Turchi) 

A variety  of  processes can contribute  to  gas  accel- 
e ra t ion  i n  a high-current  discharge. I n  addi t ion  to   several  
combinations  of  crossed-field  interactions,  electrothermal 
heating  of a magnetically  constrained  jet and e i ec t ros t a t i c  
act ion may be  involved. I n  coaxial  discharges of the MPD 

class,   the  cathode  jet   region of the plasma flow is  of  par- 
t i cu l a r   i n t e re s t .  I t  is i n  t h i s  region  that  the  intensity 
of magnetic  forces is  greatest  and %hat  the most violent 
plasma and electrode  heating phenomena occur. 

The goal  of  the  research program t o  be described i s  
t o  de l inea te  and understand  the  processes  involved i n  t h e  
cathode jet tha t   cont r ibu te   to   the  h igh  specif ic  impulse 
capabi l i ty   of  magnetoplasmadynamic arcs. T h i s  includes  not 
only  the  various  gas  acceleration mechanisms, but a l so   t he  
processes whereby the  cathode can sustain  extremely  high-cur- 
ren t   dens i t ies .  For example, we  may possibly have some s o r t  
of magnetic  shielding  effect,  or  perhaps a virtual  cathode 
that  spreads  the  current  out  along  the  jet   or  entrains  ions 
before  they  reach t h e  cathode. The approach t o  t h i s  problem 
involves  detailed  interior s t u d y  of the  structure of a very 
large  cathode  jet by  means of  magnetic and e l e c t r i c  probes, 
pressure  probes,  detailed photography and perhaps a new gen- 
erat ion  of   f loat ing double  probes. 

I 

To be  able   to  perform  these  investigations i n  the nec- 
essary   de ta i l   requi res  some modification of t h e  s i tua t ion  
usually found in  actual  thruster  operation. The rather  small  
i n i t i a l  cross section of  the  cathode j e t  i n  such s i tua t ions  
must be   a l te red  so tha t  t h e  introduction  of  probes  does  not 
radically  distort   the  Cischarge,   or  substantially  obstruct 
the flow of c u r r e n t .  Any a l t e r a t ion  w i l l  inevitabl;. com- 
promise some of the   physical   character is t ics  of the  actual  
s i tuat ion.  For example, i n  a coaxial  configuration, t h e  mag- i 
n e t i c  f ield  near  the  cathode  t ip is quite  intense and possesses, 

. .  

. .  
> 4  
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i n  a d d i t i o n ,  a s t rong   g rad ien t   and   cu rva tu re .  While t h e   i n -  
t e n s i t y   a n d   v a r i a t i o n  of t h e   m a g n e t i c   f i e l d  may be s imula ted  
w i t h  a d i f f e r e n t   g e o m e t r y ,   t h e   f i e i d   c u r v a t u r e  is r a t h e r   d i s -  
t i n c t i v e .  Any phenomena a s s o c i a t e d   w i t h   s u c h   c u r v a t u r e  w i l l  
be lost i n  transformation t o  ano the r   con f igu ra t ion .   Neve r the -  
less, t o  obtain a t  least some i n fo rma t ion   abou t   ca thode  j e t  
phenomena, w e  propose t o  s a c r i f i c e   s u c h   t h i n g p  as f i e l d   c u r -  
v a t u r e   e f f e c t s  by t ransforming  t o  a parallel-plate t y p e  geom- 
e t r y .  NOW, by   spreading  the t o t a l  d i s c h a r g e   c u r r e n t   o v e r   t h e  
wid th  of t h e   c a t h o d e  plate, w e  may probe a r e g i o n  of t h e  je t  
w i t h o u t   s u b s t a n t i a l l y   a f f e c t i n g   t h e  overal l  d i s c h a r g e  mode 

and, by proper approach t o  the   pa in t   o f   measu remen t ,   w i thou t  
g r e a t l y   d i s t u r b i n g   t h e  local cu r ren t   and  plasma f lows   wi th  
t h e  probe s t r u c t u r e .  To compansa te   fo r   t he   expans ion  of t h e  
d ischarge   geometry ,  w e  s h a l l  operate a t  much h i g h e r   c u r r e n t  
l e v e l s   t h a n  are found i n   s t e a d y - s t a t e  MPD arcjets,  so t h a t  
t h e   f i e l d   i n t e n s i t y  and ( t o  a lesser d e g r e e )   t h e   c u r r e n t   d e n -  
s i t y   l e v e l s  are q u i t e  similar. If w e  f a s h i o n   t h e   c a t h o d e  t i p  
i n  such a way t h a t   t h e   d i s c h a r g e   a t t a c h m e n t   t h i c k n e s s  is  .simi- 
l a r  t o  the at tachment   radius   normally  found,   then w e  may even 
recover  some o f   t h e   f i e l d   g r a d i e n t   e f f e c t s .  

A t  p r e sen t ,   p re l imina ry  s t u d i e s  are b e i n g   c o n d u c t e d   i n  
a mod i f i ed   ve r s ion   o f   t he  parallel-plate accelerator u s e d   f o r  
s e v e r a l  other s t u d i e s  159). Here the channel has b e e n   a l t e r e d  
by t h e   a d d i t i o n  of a cathode plate  o v e r   t h e   o r i g i n a l   c a t h o d e  
sur face   (F ig .   51) .   This  p la te  has a 1 /4- in .   rad ius  a t  t h e  
d ischarge   a t tachment   edge   and   se rves  t o  i n i t i a t e   t h e   c a t h o d e  
j e t  away from t h e  i n s u l a t o r  s u r f a c e   ( t h e   i n i t i a l   s e p a r a t i o n  
w a s  c a l c u l a t e d   o n   t h e  basis of a thermal   boundary   l ayer  re- 
s u l t i n g  from t h e   b a l a n c e   o f  ohmic h e a t i n g   w i t h   e l e c t r o n i c   h e a t  
c o n d u c t i o n ) .   I n   t h i s  way, a simple m o d i f i c a t i o n   o f  e x i s t i n g  
equipmelit allows us t o  c a r r y   o u t   n e c e s s a r y   p r e l i m i n a r y  i n v e s t -  
i g a t i o n s  prior t o  t h e   d e s i g n  cf a more appropriate system i n  
which   the   ca thode  jet  w i l l  project symmetr ical ly   between t w o  
anodes. 
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v . 

i 

110 

Magnetic  probe s t u d i e s   a t  two c u r r e n t  levels (17 and 
42 kA) and two values of i n i t i a l   p re s su re  (50 and  100 p of 
argon)  indicate  that  the  discharge i n  t h i s  device has no 
tendency t o  "spoke"  but  spreads  rather  uniformly  over most of 
the  cathode  width. The cathode j e t  appears t o  extend  several 
inches downstream of t h e  cathode edge w i t h  higher  current and 
lower ini t ia l   pressure  levels   exhibi t ing  the  greater  down- 
stream  extension. The e l e c t r i c  and magnetic f ie ld   dis t r ibu-  
tions  within  the  cathode  jet  are  presently  being mapped out 
i n  de t a i l .  The results obtained from th i s   s e r i e s  of i n v e s t i -  
gations and the  experience  gained from the  design and opera- 
t i on  of  various  probes i n  t h i s  environment w i l l  be applied  to 
the  design of experiments and apparatus  to be  conducted a t  
higher  current  levels, w i t h  longer  pulse  times t o  allow  gas- 
dynamic, as well  as  electromagnetic,  stdbilization of the 
discharge  (see Sec. I X )  . 
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IX.  A 100 KI IOJOULE PULSE-FORMING NElWORK PC-XER SUPPLY 
FOR A QUASI-STEADY PLASMA ACCELERATOR ( D i  Capua) 

P r o p e r   s t u d y  of t h e  phenomenon o f   c u r r e n t   s h e e t  sta- 
b i l i z a t i o n   i n  pulsed plasma accelerators, p rev ious ly   obse rved  
i n  t h i s  l abora to ry   and   e l sewhere  [57,59,A-2] r e q u i r e s  obser- 
v a t i o n   o v e r  a mi l l i s econd  time scale, rather t h a n  the micro- 
second scale more common i n  most pulsed  plasma work.  The gas- 
dynamic processes i n   q u a s i - s t e a d y  accelerators are governed 
by the sound   speed ,   and   fo r   u se fu l   dev ice   d imens ions   p red ica t e  
c u r r e n t   p u l s e   l e n g t h s  of hundreds  of   microseconds i f   b o t h  c u r -  
r e n t   p a t t e r n   a n d  f l o w  s t a b i l i z a t i o n  are t o  be achieved  s imul-  
t aneous ly .   Moreove r ,   t h i s   pu l se   l eng th   canno t  be achieved  a t  
t h e   e x p e n s e  of cu r ren t   ampl i tude ;   fo r   v igo rous   e l ec t romagne t i c  
a c c e l e r a t i o n   t h e   c u r r e n t   l e v e l   i n   t h e s e  p u l s e s  m u s t  be r e t a i n e d  
i n   t h e  order of 100,000 amperes. The composite requi rement  i s  
t h u s   f o r   a n   e n e r g y  storage f a c i l i t y   s u b s t a n t i a l l y  larger t h a n  
the 6400 j o u l e   b a n k   p r e s e n t l y   i n   u s e   i n   t h i s   l a b o r a t o r y .  

Recent ly  w e  have  obtained  on  long-term  loan a set o f  
128 26-microfarad capacitors r a t e d  a t  10 kV, from which WE are 
c o n s t r u c t i n g  a lo5  joule p u l s e   l i n e .  The cor i f igura t ion   chosen  
c o n s i s t s  of f o u r  LC ladder networks each assembled from 30 
equal   sec t ions .   Each   ne twork  w i l l  d e l i v e r ,  when charged t o  
8 kV, a f l a t top  c u r r e n t   p u l s e  of 62.5 kA f o r  200 psec i n t o  a 
s h o r t   c i r c u i t  load. The f o l l o w i n g   t a b l e  summarizes t h e   c u r -  
r e n t   p u l s e s   a v a i l a b l e  from t h e  network. 

Length Short C i r -  
C o n n e c 2 n  of P u l s e   c u i t   C u r r e n t  

4 l i n e s   i n   s e r i z s .  . . . . . . 800 psec 62.5 I& 
4 l i n e s   i n   s a r i e s - p a r a l l e l  . . 400 psec 125.0 1CA 
4 l i n e s   i n   p a r a l l e l .  . . . . . . 200 psec 250.0 kA 

Each s e c t i o n  of the  ladder   network w i l l  c o n s i s t  of a series in- 
d u c t o r  of 500 nN and a shunt  capacitor of 27.1  pfd. To  o b t a i n  
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a f l a t t o p   c u r r e n t   p u l s e   t h i s   i n d u c t a n c e   s h o u l d  be l a r g e r  t h a n  
t h e   s e l f - i n d u c t a n c e   o f   e a c h   i n d i v i d u a l   c a p a c i t o r .  k diagram 
of t h e .  ladder network is shown i n   F i g .  52. 

. The capaci tance,   se l f - inductance;  and r e s i s t a n c e   o f   t h e  
c a p a c i t o r s  were determined by t e s t i n g   f i v e   u n i t s   c h o s e n  a t  
random.  The capac i t ance   o f   each   one   o f   t hese   un i t s  w a s  mea- 
sured d i r e c t l y   w i t h  a capac i t ance   b r idge .  The r i n g i n g   f r e -  
quency   and   r e s i s t ance   o f   t he   un i t s  were obta ined   by   loading  
e a c h   c a p a c i t o r   t o  180 vo l t s   and   d i scha rg ing  it through a low 
inductance  swi tch ,  moni tor ing   the  c u r r e n t  ir. t h e  c i r cu i t  wi th  
a Rogowski c o i l .  The s w i t c h   u t i l i z e s   t h e   m e c h a n i s t ?   o f  a l a r g e  
mouse t r a p   t o   c l o s e   t h e  c i rcu i t .  The s e l f - i n d u c t a n c e  w a s  cal- 
c u l a t e d  from the   r i ng ing   f r equency   wh i l e   t he  resistance was 
obtained  f rom  the  envelope of the   decay .  The r e s u l t s , a v e r a g e d  
for t h e   f i v e  u n i t s ,  a r e   a s   f o l l o w s   ( F i g .  52)  : 

Capacitance.  . . . . . 27.1 pF 
Self- inductance.  . . . 280.0 nH 

Resis tance  . . . . . . 25.0 mC2 
Ringing  Frequency. . . 58.0 Kc/sec 

There are t w o   a d d i t i o n a l   l i m i t a t i o n s   o n   t h e   d e s i g n  of 
the network: (1) t h e  maximum c u r r e n t   t o l e r a b l e  t o  each  capac- 
i tor  and ( 2 )  t h e  maximum peak-to-peak  vol tage  a l lowed  on  the 
c a p a c i t o r s .  The s p e c i f i e d  maximum a l l o w a b l e   c u r r e n t  i n  each 
c a p a c i t o r  is 52,000 amperes.  Testa  performed  on a p ro to type  
network show t h a t   e a c h   c a p a c i t o r   d e l i v e r s  a t  most  1/3  of  the 
total c u r r e n t ,  i.e., 20 kA which is  w e l l  below t h e  maximum 
value.  The m a x i m u m  peak-to-peak  vol tage  on  the  capaci tors  
should  not   exceed 1 2  kV i f   t h e   l i f e t i m e   o f   t h e  capacitors is  
no t  t o   b e   s e r i o u s l y  compromised.   Therefore   the  capaci tors ,  
though rated a t  10 kV, w i l l  be opera ted   on ly  a t  8 kV, and re- 
versal  w i l l  on ly  be allowed t o  "Q kV, b y   u t i l i z i n g  a crow- 
b a r r i c g  resistor a t  the  back  end  of   the  network.   This  re- 
s i s t o r ,  whose  value is e q u a l   t o   t h e   c h a r a c t e r i s t i c  impedance 
of t h e   l i n e , w i l l  be s w i t c h e d   i n t o   t h e  l i n e  by an i g n i t r o n  
when t h e  c u r r e n t  pu l se   r eaches   t he   end  of the  network.  
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Due t o  t h e  large amount o f   e n e r g y   s t o r e d   i n   t h e   n e t -  
work,each capacitor must  be a d e q u a t e l y   f u s e d   s i n c e  a f a u l t  
i n  one of t h e   u n i t s  when the bank is  f u l l y   l o a d e d  w i l l  re- 
lease enough  energy   wi th in  the f a u l t e d   u n i t  t o  r u p t u r e   t h e  
capacitor case. F o r   t h i s  purpose, each  capacitor w i l l  be 
connected t o  t h e  series induc to r   t h rough  a fuse  which  con- 
sists o f  4 in .  of #16 AWG t i n n e d  copper w i r e  surrounded  by 
Tygon  tubing.   For   addi t ional  protection, e a c h   u n i t   i n   t h e  
bank w i l l  be surrounded  by 3/4 in.  of  plywood. 

The f u s e  was t e s t e d   e x p e r i m e n t a l l y   i n   t h e   l a b o r a t o r y  
by   swi tch ing  a pro to type   ne twork  across i t  a t  4700 v o l t s .  
The r e s u l t s   o f   t h e  tes t  are shown i n  Fig. 53 . The t o p  
trace in   each   o sc i l l og ram  shows   t he   vo l t age  across t h e   f u s e  
w h i l e  the bottom trace shows t h e   c u r r e n t   i n   t h e  c i r c u i t .  
The top o s c i l l o g r a m  w a s  ob ta ined  by  replaci .ng  the  fuse by a 
4-in.  long,  0.064-in.  thick, 1-in.  wide  aluminum s t r ip  and 
shows the   usua l   r ingdown  decay   of  the c u r r e n t   i n   t h e   b a n k .  
The bottom oscillogram shows a marked rise o f   t h e   v o l t a g e  
across t h e   f u s e   a f t e r  220  psec a n d   t h e   c u r r e n t  is a c t u a l l y  
i n t e r r u p t e d   a f t e r  5 2 0  psec. 

The   ene rgy   r e l eased   i n  a capacitor when a f a u l t  occurs 
i s  g iven   by  

Qf(t)  = t 12$ d t  19-11 

0 

This f a u l t  w i l l  t y p i c a l l y  be an  arc w i t h  a r e s i s t a n c e  RF in 
t h e   o r d e r  O f  10 mil. If w e  assume t h i s   r e s i s t a n c e  t o  be coli.- 
s t a n t ,  a maximum va lue   o f  Qf of 2000 jou les  w i l l  r e q u i r e  t ha t :  

t 1 I'dt = 2 x 10 5 2  A sec 
0 

The   expe r imen ta l   r e su l t s  shown i n  the   bo t tom  osc i l logram 

i 
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of Fig, 53 s h ow that  the  fuse wire  interrupts  the  current 
when 

n 
t 

,/ 12dt = 2.2 x 10 A sec 
5 2  

0 

(9-3 1 

! :  
' .' 

, '  

The  fuses  were  then  incorporated  into  each unit of a 
1 '  
I :  
1 
1 
j 

prototype of the  transmission  line  and  preliminary  tests in- 
dicate that a pulse of the  desired  characteristics  can be 
obtained from such a configuration. We are, therefore, pro- 
ceeding  with  the  construction of the permanent. line. 
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